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Abstract 
Based on its structural and chemical properties such as a large surface area, a large pore 
volume, a narrow pore size distribution, an easily modifiable surface and a high 
biocompatibility, mesoporous silica is the material of choice for many applications in 
catalysis, chromatography, sensing, adsorption, drug delivery and optical devices. All of these 
applications require functionalization of the surface, often with a certain degree of selectivity 
for external and internal surfaces. It is therefore essential to understand and control the 
placement of functional groups on the mesoporous silica surface. Trialkoxyaminosilanes are 
well established functionalization agents for mesoporous silica, because they offer a wide 
range of options for further derivatization. 
This work tackles important problems to be faced in the functionalization of mesoporous 
silica surfaces, e.g. selectivity for the external surface, but it also contains studies on structural 
and morphological changes to mesoporous silica and the embedding of mesoporous silica and 
zeolites in thin polymer layers from wet films.  
Two different types of mesoporous silica are functionalized with aminopropyltrialkoxysilanes 
and further labeled with fluorophores to visualize the functional group distribution. The 
influence of many factors, such as solvent polarity, reaction time, reaction temperature and 
trace water content on the distribution of different aminopropyltrialkoxysilanes is 
investigated, and a pathway for the selective functionalization of the external surface is 
shown. The analysis of the functionalized mesoporous silica is conducted with various 
methods: Scanning electron microscopy to visualize particle size and shape, UV/Vis 
absorption and luminescence spectroscopy to quantify the degree of functionalization and 
labeling, nitrogen sorption to determine the pore size and pore volume, and confocal laser 
scanning microscopy to image the distribution of the fluorescent labels throughout the porous 
particles. It is shown that the combination of nitrogen sorption analysis and confocal laser 
scanning microscopy is a versatile tool for the analysis of functional group distributions. 
Structural and morphological modification of mesoporous silica is performed by layer-by-
layer deposition of different small siloxanes to influence the pore size, and by synthesizing 
mesoporous silica in the presence of a cosurfactant to tailor the particle shape. These changes 
are monitored by scanning electron microscopy, nitrogen sorption, and pore size probing with 
a sterically demanding luminescent molecule. 
In the second part of this work, the formation of patterns upon the embedment of porous 
silicate particles in a polymer matrix by wet film techniques is investigated. The patterns are 
visualized by fluorescence microscopy. 
  
 
 
 
 
  
 
 
 
 
Kurzfassung 
Die strukturellen und chemischen Eigenschaften von mesoporösem Silikat, wie z.B. die 
grosse Oberfläche, das grosse Porenvolumen, die enge Porengrössenverteilung, die einfach zu 
modifizierende Oberfläche und die hohe Umweltverträglichkeit, lassen es zum Material der 
Wahl für viele Anwendungen in Bereichen wie Katalyse, Chromatografie, Sensorik, 
Adsorption, Wirkstofftransport und optische Anwendungen werden. Für alle diese 
Anwendungen wird eine Modifizierung der Oberfläche, oft mit Selektivität für die innere oder 
äussere Oberfläche, benötigt. Das Verständnis und die Kontrolle der Platzierung solcher 
funktionellen Gruppen auf der Silikatoberfläche sind daher sehr wichtig. Trialkoxy-
aminosilane sind weit verbreitete Funktionalisierungsstoffe für mesoporöse Silikate, da diese 
eine breite Palette weiterer Derivatisierungen ermöglichen. 
Diese Arbeit beschäftigt sich mit wichtigen Fragestellungen, die bei der Funktionalisierung 
der Oberfläche mesoporöser Silikate auftreten, wie z.B. Selektivität für die äussere 
Oberfläche, und enthält Untersuchungen zu strukturellen und morphologischen 
Veränderungen an mesoporösem Silikat, sowie zur Einbettung von mesoporösem Silikat und 
Zeolithen in dünne Polymerschichten. 
Zwei unterschiedliche mesoporöse Silikate werden mit Trialkoxyaminosilanen 
funktionalisiert und mit Fluoreszenzfarbstoffen modifiziert um deren Verteilung sichtbar zu 
machen. Der Einfluss vieler Faktoren wie z.B. die Polarität des Lösungsmittels, Reaktionszeit, 
Reaktionstemperatur und Gehalt an Spurenwasser auf die Verteilung der funktionellen 
Gruppen wird untersucht, und ein Weg zur selektiven Modifizierung der äusseren Oberfläche 
wird aufgezeigt. Zur Analyse von funktionalisiertem mesoporösem Silikat werden 
verschiedene Methoden verwendet: Rasterelektronenmikroskopie um Partikelform und 
-grösse zu untersuchen, UV/Vis und Lumineszenzspektroskopie um den Funktionalisierungs-
grad zu quantifizieren, Stickstoffsorption um die Porengrösse und das Porenvolumen zu 
bestimmen, und konfokale Laserrastermikroskopie um die Verteilung der funktionellen 
Gruppen im porösen Partikel zu analysieren. Es wird gezeigt, dass die Kombination aus 
konfokaler Laserrastermikroskopie und Stickstoffsorption ein vielseitiges Werkzeug zur 
Analyse der Verteilung funktioneller Gruppen darstellt. 
Strukturelle und morphologische Veränderungen an mesoporösen Silikaten werden auf zwei 
Arten vorgenommen, einerseits eine Schicht-für-Schicht Anlagerung von kleinen Siloxanen 
an die Oberfläche um die Porengrösse zu beeinflussen, andererseits die Zugabe eines Co-
Tensids während der Silikatsynthese um die Form und Grösse der Partikel anzupassen. Die 
Veränderungen werden mittels Rasterelektronenmikroskopie, Stickstoffsorption und 
Porengrössensondierung mittels eines sterisch anspruchsvollen lumineszierenden Moleküls 
verfolgt. 
Im zweiten Teil der Arbeit wird die Bildung von Mustern, welche bei der Einbettung von 
porösen Silikatpartikeln in dünne Polymerschichten entstehen, mittels Fluoreszenzmikrosko-
pie untersucht.  
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1. Introduction 
Since the discovery of the mesoporous silica of the M41S type in 1992 by the Mobil 
company
[1, 2]
 these materials have aroused large interest in the scientific community. In the 
past twenty years, many mesoporous materials were developed, differing in size, shape, pore 
diameter and pore system symmetry.
[3]
 Due to their large surface areas, their large pore 
volumes, their convenient functionalizability and their low toxicity, these materials are of 
particular interest in various fields, e.g. catalysis
[4-6]
, chromatography
[7]
, sensing
[8]
, adsorp-
tion
[9, 10]
 and drug delivery
[11, 12]
.  
For most of these applications a unique functionalization of the pore surface, the pore 
entrances and the external particle surface is needed, hence it is important to develop methods 
to control the distribution of functionalization agents on the surface. In the case of a drug 
delivery device, the functionalization of the internal pore surface would be adapted to provide 
ideal drug adsorption and the external surface functionalization would be responsible for 
blood stability, prevention of aggregation, and targeting,
[13]
 whereas a gate mechanism could 
be installed at the pore entrances for zero-loss transport in the body. A similar system can also 
be used for cell labeling.
[14]
 The pore surface is functionalized with the labeling agent (e.g. 
fluorescent or radio label), whereas the functionalization on the external surface is adapted for 
efficient cellular uptake. 
A further example for the application of mesoporous silica featuring site specific 
functionalization is the research on heavy metal adsorbents for water purification conducted 
by the group of Fryxell
[10]
. The important steps in the purification of water are the capture of 
the heavy metals by the adsorbents and the recollection of the adsorbents from the water. 
Mesoporous silica with heavy metal binding groups (e.g. thiols for Hg, Pb and Cd) in the pore 
body and a slightly hydrophobic functionalization on the external surface are ideally suited for 
this application. The adsorbing phase takes up the heavy metals from the water and due to the 
slight hydrophobicity of the external surface, the adsorbent will slowly resurface. Such a 
system is not limited to water purification, thiol functionalized mesoporous silica can also be 
used for removing Hg from contaminated vacuum pump oil.
[10]
 
The above mentioned applications of functionalized mesoporous materials require selective 
functionalization of internal and external surfaces as well as convenient analytical methods 
for the analysis of the functional group distribution. For this analysis, nitrogen sorption and 
fluorescent labeling combined with confocal laser scanning microscopy (CLSM) analysis is 
very effective
[15]
 because general functionalization trends as well as subtle differences can be 
distinguished with the combination of optical data and the information about changes in pore 
size and pore volume upon surface functionalization. Large mesoporous particles with a well 
defined pore system such as SBAs
[16-18]
 and most notably ASNCs
[19]
 are suited best for these 
analytical methods.  
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2. Theory 
2.1 Mesoporous Silica 
Mesoporous silica consists of amorphous corner sharing SiO4 tetrahedra featuring regular 
porous structures. According to IUPAC, a material is defined as mesoporous if its pore 
diameter lies between 2 nm and 50 nm (Fig. 1).
[20]
 The surface of these materials is covered 
with hydroxy groups with a density of 3-4 groups per nm
2
,
[21]
 depending on the material and 
its treatment. Such mesoporous silica can be prepared with different pore geometries, e.g. 
hexagonal (MCM-41/SBA-15), laminar (MCM-50) or cubic (MCM-48) (Fig. 2). These 
materials feature high surface areas of approximately 700 to 1500 m
2
 per gram of material. 
 
Fig. 1 Nomenclature of porous materials according to IUPAC.
[20]
 
 
Fig. 2
[22]
 Model of a hexagonal (a), cubic (b) and laminar (c) pore system. 
In the so called liquid crystal templating (Fig. 3), the well ordered pore system develops due 
to the formation of supramolecular aggregates of surfactants in solution as structure directing 
agents (SDA).
[22]
 These aggregates form a lyotropic liquid crystalline phase, which leads to 
the assembly of the amorphous mesoporous silica composites upon addition of a silica 
precursor such as a tetraalkoxysilane. To obtain the porous materials, the SDA is removed 
postsynthetically by calcination or extraction. 
 
Fig. 3
[22]
 Synthesis pathway of mesoporous silica with a hexagonal pore system. 
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An important requirement for the mesoporous silica to form is therefore the interaction 
between the SDA and the silica precursor. These interactions are categorized into different 
mechanisms
[23, 24]
(Fig. 4). In the original approach,
[1, 2]
 the M41S class, long-chain alkyltri-
methylammonium halides are used as SDA. Under synthesis conditions in a basic aqueous 
solution, the -SiOH groups are deprotonated and interact directly with the positively charged 
ammonium groups. In case of SBA materials, which were developed at UC Santa Barbara in 
1998,
[25, 26]
 a non-ionic triblock copolymer consisting of polyethylene oxide and poly-
propylene oxide is employed as SDA and the synthesis is performed in a slightly acidic 
aqueous solution. Therefore, the interaction between the SDA and the silica is non-ionic and 
based on hydrogen bonding. If a highly acidic solution (pH < 2) is used together with a 
cationic SDA, as is the case in the synthesis of arrays of silica nanochannels (ASNCs
[19]
), both 
silica precursor and SDA are cationic and therefore the halide counter-anion acts as mediator. 
 
Fig. 4 Interactions between SDA and silica, cationic SDA in basic (e.g. MCM-41)(a) or acidic (e.g. ASNCs)(b) 
solution, anionic SDA in basic (c) or acidic (d) solution, neutral SDA in neutral (e) or acidic (e.g. SBA-15)(f) 
solution. 
In our work, mesoporous silica materials featuring a hexagonal pore system are applied 
exclusively. The most prominent examples of these materials are MCM-41 and SBA-15. 
MCM-41 is usually synthesized hydrothermally, but can also be prepared in a room 
temperature procedure.
[27]
 It features a narrow pore size distribution (PSD) around 4 nm 
(Fig. 5) and non-porous pore walls with a thickness of approximately 1 nm. In contrast to 
MCM-41, SBA-15 shows a larger pore size which is distributed around 7 - 8 nm (Fig. 5) and 
it also features thicker pore walls. SBA-15 exhibits intrawall porosity, this means that the 
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hexagonally arranged mesopores are interconnected by mostly microporous channels.
[28, 29]
 
The intrawall porosity can be up to 30 % of the total porosity
[30]
 and depends to some extent 
on the synthesis temperature.
[31]
 
 
Fig. 5 PSD of MCM-41 and SBA-15, calculated with DFT from the N2-adsorption isotherm. 
Due to the fact that both MCM-41 and SBA-15 do not exhibit regular morphological 
properties such as size and shape, these materials are not well suited for analysis by optical 
methods like CLSM. Therefore, other materials have to be investigated. Our materials of 
choice were on the one hand large spherical particles of the SBA-15 type (SBAs) that were 
reported by Ma et al.
[17]
 and later in a similar synthesis by Katiyar and Pinto
[16, 18]
 , and on the 
other hand arrays of silica nanochannels (ASNCs) reported by Kievsky and Sokolov
[19]
 
(Fig. 6). 
 
Fig. 6 PSD and SEM images of ASNCs (left, filled circles) and SBAs (right, empty circles). 
SBAs has the drawback that the PSD is broad and ranges from 2.5 nm to 7 nm, and the 
nanochannels are not arranged in a parallel fashion throughout the particle. The ASNCs 
however feature a narrow PSD around 3 nm and contain unidirectional channels over the 
whole hexagonally shaped particles. 
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2.2 Functionalization & Labeling 
Functionalization of mesoporous silica with organic moieties can easily be achieved by 
condensing alkoxysilanes or chlorosilanes with a functional organic residue to the surface 
hydroxy groups. There are two different pathways for functionalization (Fig. 7), namely 
postsynthetic functionalization, where the organosilane groups are grafted to the surface of the 
fully synthesized material and co-condensation, where the organosilane is introduced during 
the formation of the mesoporous framework. 
 
Fig. 7 Implementation of a functional group (yellow) in different reactions. 
Although the co-condensation method is a convenient way to achieve a nearly uniform 
distribution, it is not suited for most applications because it affects pore size and particle 
morphology and it is almost impossible to control the functional group distribution. In 
postsynthetic functionalization, however, pore size, pore system geometry, particle size and 
particle morphology are given by the preformed mesoporous silica material. The distribution 
of functional groups can be controlled by different means, such as protection followed by 
selective deprotection of the mesoporous silica surface with fluorenylmethoxycarbonyl-
(Fmoc)-modified silanes on certain parts of the surface.
[32]
 The functionalization also depends 
strongly on the functionalizing agent. Highly reactive chlorosilanes react quickly with the 
silica surface and have the tendency do bind to the highly accessible silanol groups on the 
external surface.
[33]
 Another influence on the functionalization occurs through the presence or 
absence of the SDA inside the pores. The SDA slows the migration of the functionalization 
agent in the pores and therefore directs the functionalization towards the external 
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surface.
[34, 35]
 Other prominent influences on the distribution are polarity of the solvent,
[36, 37]
 
the functionalization agent,
[38]
 and the trace water content of the functionalization reaction 
mixture.
[39]
 
For the work in this thesis, mainly trialkoxyaminopropylsilanes were applied, as they are 
among the most widely used precursors for surface modification of silica. If the distribution of 
these precursors can be controlled, the distribution of further modifications can be controlled 
concomitantly.  
In the grafting process (Fig. 8), the aminosilane first physisorbs to the silica surface via a 
hydrogen bond. Subsequently, the silane forms a covalent bond with the surface, liberating an 
alcohol (in the case of alkoxysilanes). The aminosilane is typically bound to the surface by 
one or two Si-O-Si bridges. 
 
Fig. 8 Grafting of 3-aminopropyltriethoxysilane (APTES) to a silica surface. 
To analyze the positioning of the amino groups on the surface, CLSM is applied. Therefore, a 
fluorescent label needs to be attached to the amino groups. 
 
Fig. 9 Formation of a thiourea bond through the coupling of an amine and an isothiocyanate (MS = mesoporous 
silica). 
Isothiocyanates and sulfonyl chlorides allow a fast and stable coupling to amines, forming a 
thiourea bond or a sulfonamide respectively (Fig. 9). The coupling yield of these reactions 
varies between 5 and 50 % depending on the pore size and the amount of amino groups on the 
surface.
[40]
 Most often we introduce fluorescein isothiocyanate (FITC) (Fig. 10) as a label 
because of its high luminescence quantum yield, commercial availability and its sufficient 
photostability. For dual labeling, Texas Red (TR) is used as a second label. Due to the missing 
PART I  Mesoporous Silica 
 
-8- 
 
spectral overlap between the emission of FITC and the absorption of TR, almost no energy 
transfer between these two labels occurs, thus minimizing the risk of measuring artifacts in 
CLSM. 
 
Fig. 10 Chemical structures of FITC (left) and TR (right). 
 
2.3 Analysis 
2.3.1 Determination of the amount of grafted aminosilane and coupled fluorescent label 
An important analysis for the control of the functional group distribution is the analysis of the 
amount of functional groups that are covalently bound to the surface. This amount can be 
determined with sufficient precision by elemental analysis only for high degrees of 
functionalization.
[41]
 For lower degrees of loading, an indirect method has to be applied, 
featuring the coupling of fluorescamine (Fig. 11).
[42, 43]
 This method has been successfully 
applied on amine-functionalized mesoporous silica before.
[27, 40]
 The mesoporous silica is 
dissolved in an alkaline solution and the amines are coupled to fluorescamine. 
 
Fig. 11 Coupling of fluorescamine to an amine. 
Upon coupling to a primary amine, the fluorescamine becomes luminescent. This 
luminescence is compared to the luminescence of a series of standard amine solutions treated 
with fluorescamine. From the obtained amount of amines and the originally employed amount 
of mesoporous silica for the measurement, the loading and therefore the grafting yield can be 
calculated. For low loadings up to 200 µmol/g, the grafting yields are typically in the range of 
80 - 100 %. 
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After labeling the amines with a fluorophore such as FITC, the quantity of coupled 
fluorescein is determined using UV/vis absorption of the degraded sample. From the 
absorption and the extinction coefficient, which is 75’000 l/mol/cm for FITC in a degraded 
mesoporous silica solution,
[40]
 the loading and the coupling yield can be calculated. Because 
of the sterical demand of the fluorophores, typical coupling yields for low loadings on ASNCs 
are around 30 %. For higher amine loadings this value decreases even more. 
2.3.2 Confocal Laser Scanning Microscopy (CLSM) 
CLSM is used to visualize the distribution of the labeled functional groups throughout the 
particle. In contrast to conventional microscopy, a true 3-dimensional resolution is obtained. 
This resolution is achieved by optical sectioning, the ability to acquire depth selective data 
from a sample. The depth selectivity is reached by the use of a confocal aperture in front of 
the detector. The luminescent sample is excited with a laser beam that is focused on the 
optically conjugated point to the confocal aperture. In this way all light, other than the light 
emitted from the focal point, is suppressed by the confocal aperture (Fig. 12). 
 
Fig. 12 Optical path in a CLS microscope (PMT = photo multiplier tube). 
If the sample is not too opaque, the focal point can not only be chosen on the surface but also 
in the sample body. With an array of mirrors, the microscope now scans the fluorescence 
intensity over many points in the focal plane, and produces a 2-dimensional image out of 
these scans. A 3-dimensional image can be calculated from multiple scanned planes in 
different depths. 
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2.3.3 Scanning Electron Microscopy (SEM) 
In SEM the specimen is scanned with a focused electron beam with an energy of 0.2 - 40 keV. 
The electron beam hitting the surface produces different effects such as backscattered 
electrons, secondary electrons and also X-rays. Most electron microscopes detect secondary 
electrons (inelastically backscattered electrons). These electrons lead to images with a similar 
contrast and interpretability as in optical microscopy. 
2.3.4 Nitrogen Sorption 
In the field of porous materials, gas adsorption, typically conducted with nitrogen, is one of 
the most important methods of characterization. It yields information about textural properties 
such as the size and shape and volume of the pores, the pore surface and the total surface. The 
amount of adsorbed/desorbed nitrogen is measured against the relative pressure at 77 K. This 
results in an adsorption/desorption isotherm. According to IUPAC there are 6 different types 
of isotherms (Fig. 13).
[44]
  
  
Fig. 13 Types of isotherms. 
Type I isotherms are normally found for microporous samples with small external surface 
areas. Type II isotherms are obtained with macroporous or nonporous materials. A type III 
isotherm indicates a very weak interaction between adsorbate and adsorbent. Isotherms of 
type IV and V are typical for mesoporous specimen. Type V is an example of sorption on a 
mesoporous sample, where the interactions between sample and adsorbate are weak. Type VI 
isotherms rarely occur and indicate a layer-by-layer deposition. 
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For N2-sorption on mesoporous silica, type IV isotherms are found exclusively. Oftentimes 
isotherms of mesoporous silica show a hysteresis loop between the adsorption branch and the 
desorption branch of the isotherm. Following the IUPAC recommendations, the hystereses are 
split into 4 categories (Fig. 14).
[44]
 
 
Fig. 14 Types of hysteresis loops. 
Hystereses appear due to two main reasons. Firstly due to the formation of a metastable 
multilayer that leads to a delay in capillary condensation. Secondly due to the entrapment of 
condensate through network percolation that leads to a delay in the desorption process. The 
shape of the hysteresis reveals information about the shape of the pores. H1 type hystereses 
indicate uniform pores in a narrow size distribution as found in SBA-15. H2 hysteresis loops 
occur in specimen with interconnected pore networks and different pore sizes such as SBAs 
(Fig. 15). H3 and H4 are found in materials with slit or wedge shaped pores with H4 featuring 
primarily micropores. 
The further analysis of these isotherms applies computational calculation. From the near-
linear low pressure part of the isotherm the total surface is calculated by the method of 
Brunauer, Emmett and Teller.
[45]
 This so-called BET equation relies on the model of 
monolayer-multilayer adsorption. 
 
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The variable n
a
 is the amount adsorbed at a certain relative pressure p/p0, n
a
m is the monolayer 
capacity and C scales exponentially with the adsorption enthalpy of the first monolayer. For 
the monolayer calculation the average molecular area occupied by a N2 molecule of 
0.162 nm
2
 is applied.  
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Fig. 15 Isotherms of different mesoporous samples. 
Emanating from the relative pressure of pore condensation, the PSD can be calculated either 
by the Barrett-Joyner-Halenda (BJH) method
[46]
 based on the Kelvin equation, or by density 
functional theory (DFT) calculation applying a fit to an ideal isotherm. 
 
Fig. 16 PSD of MCM-41 calculated with DFT and BJH method from the adsorption branch. 
It is known that the BJH method underestimates the pore size,
[47, 48]
 whereas the DFT method 
might overestimate it slightly (Fig. 16).  
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From the high pressure linear part of the isotherm, the external surface can be calculated 
applying the αs-plot method.
[49, 50]
 In this method, it is assumed that the adsorption in the 
pores is the same as the adsorption on a nonporous reference material featuring similar 
surface properties. If this is true, the adsorption on the porous sample is proportional to the 
adsorption on the reference material. 
sp  2  
Where η2 and νp are slope and intercept of the high pressure linear part of the isotherm and αs 
is: 
 
4.0,ref
ref
s
p


   
For values of αs > 1, the external surface is then calculated as follows: 
4.0,
,2
ref
refBET
ex
S
S


  
SBET,ref is the BET surface of the reference and νref,0.4 is the amount adsorbed on the reference 
material at a relative pressure of 0.4. 
The total pore volume is calculated from the amount of nitrogen adsorbed at a relative 
pressure of 0.95. 
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3. Results and Discussion 
3.1 Mesoporous Materials 
The first stage of this work focuses on the search for mesoporous model materials that are 
suited for analysis by CLSM, because the standard materials such as SBA-15 and MCM-41 
do not feature regular morphologies. A material with a narrow pore size distribution and large 
regular particles would fulfill this condition. There are multiple reports of spherical and 
hexagonal mesoporous silica particles in the literature.
[32, 51, 52]
 However, our first attempts to 
produce such spherical materials did only yield irregular or submicrometer sized particles 
(Fig. 17). 
 
Fig. 17 SEM images of different mesoporous silica particles. Method of Cai et al.
[51]
 (A) and variations with 
overnight curing (B), with less solvent (C) and applying tetrabutoxysilane (TBOS) (D). Furthermore, acid 
prepared mesoporous spheres according to Cheng and Landry
[32]
 (E) and BI95 according to Mesa et al.
[52]
 (F). 
Scale bar is 1 μm for A-E and 10 μm for F. 
Finally, following the recipe of Katiyar and Pinto
[16]
, a material was obtained that showed a 
smooth regular spherical morphology with a diameter of 4-10 μm (Fig. 18). This SBAs 
material was therefore used in our first experiments. However, SBAs exhibits a very broad 
PSD with a H2 hysteresis loop in nitrogen sorption, thus indicating an irregular pore network 
with interconnected pores. 
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Fig. 18 SEM image (left) and PSD (right) (DFT adsorption branch) of SBAs. 
It is known that the conditions that lead to spherical particles, such as high SDA dilution, high 
temperature and low acidity, enhance defect generation during the particle formation,
[53]
 and 
therefore amplify disorder in the porous network. Due to this fact we chose not to continue 
working with SBAs, but instead focused on better ordered particles that were first reported by 
Kievsky and Sokolov.
[19]
 This so-called ASNCs show a regular hexagonal rod-shaped 
morphology with a length of approximately 5 μm and width of approximately 2 μm and pore 
entrances located on top and bottom surface exclusively (Fig. 19). Nitrogen sorption 
experiments reveal a narrow PSD with an average pore diameter of 2.9 nm, a total BET 
surface area of 1120 m
2
/g, an external surface area of only 37 m
2
/g (3.4 % of the total surface 
area) and a total pore volume of 0.62 cm
3
/g. These properties make ASNCs an ideal model 
system to visualize functional group distributions. Since the synthesis is not hydrothermal, 
one has to be careful if working with as-synthesized material, as the structure lacks stability. 
This fact can be avoided if the as-synthesized ASNCs are cured at 80 °C for 72 h before 
further use. 
 
Fig. 19 SEM image (right) and PSD (left) (DFT adsorption branch) of ASNCs. 
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3.1.1 Experimental 
Mesoporous micrometer sized spheres containing hexagonal oblates following the method of  
Cai et al.
[51]
 (Fig. 17 A) 
CTAB (1 g, 2.7 mmol, Fluka, ≥ 96 %) is dissolved in 25 % aqueous NH3-solution (120 ml, 
Merck, p.a.) and deionized water (x = 160 ml) under slight heating. TEOS (5 ml, 22.4 mmol, 
Fluka, ≥ 99 %) is added dropwise under strong stirring. After 2 h of stirring, the product is 
collected by filtration, and dried overnight at room temperature. Calcination is performed by 
heating to 300 °C for 2 h and subsequent heating to 550 °C for 12 h at a heating rate of 
2 °C/min. 
Variations 
- x = 210 ml  particles are not spherical anymore 
- x = 110 ml  minor particle size decrease (Fig. 17 C) 
- After 2 h of stirring, the reaction solution is left under quiescent conditions overnight 
 particles are not spherical anymore (Fig. 17 B) 
- Reaction is performed at 0 °C  no reaction 
- Reaction is done using TBOS (22.4 mmol, Fluka, ≥ 97 %) instead of TEOS  
particles are not spherical anymore (Fig. 17 D) 
Synthesis of acid-prepared mesoporous spheres following the procedure of Cheng and 
Landry.
[32]
 (Fig. 17 E) 
CTAB (1.2 g, 3.2 mmol, Fluka, ≥ 96 %) is dissolved in a mixture of deionized water (55.5 ml) 
and 32 % aqueous HCl (4.5 ml, Merck, p.a.). TEOS (6 ml, 26.9 mmol, Fluka, ≥ 99 %) is 
added slowly and the mixture is stirred for 1 h and then transferred to a Teflon-lined 
autoclave, followed by 40 min of heating at 150 °C. After cooling to room temperature, the 
precipitate is collected by filtration, washed and air dried. 
Synthesis of BI95 spheres following the procedure of Mesa et al.
[52]
 (Fig. 17 F) 
CTAB (0.065 g, 175.5 μmol, Fluka, ≥ 96 %) and Pluronic P123 (triblock copolymer 
EO20PO70EO20 / HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H) (0.642 g, 110 μmol, 
Sigma-Aldrich) are dissolved in a mixture of deionized water (78 ml) and 32 % aqueous HCl 
(3 ml, Merck, p.a.). TEOS (2 ml, 9.0 mmol, Fluka, ≥ 99 %) is added slowly under strong 
stirring. The resulting solution is transferred into a Teflon-lined autoclave and heated to 95 °C 
for 120 h. After filtration the product is thoroughly washed with deionized water and dried in 
air at 80 °C. 
Synthesis of SBAs following the procedure of  Katiyar and Pinto.
[16]
 
A solution of CTAB (0.465 g, 1.3 mmol, Fluka, ≥ 96 %) in ethanol (7.8 ml) and deionized 
water (20 ml) is added to a solution of Pluronic P123 (3.1 g, 0.5 mmol, Sigma-Aldrich) in 
1.5 M aqueous HCl (46 ml, Merck, p.a.). TEOS (10 ml, 44.8 mmol, Fluka, ≥ 99 %) is added 
dropwise to this mixture. After 2 h of stirring the solution is transferred to a Teflon-lined 
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autoclave and heated to 78 °C for 72 h. After cooling to room temperature the product is 
obtained by filtration and washing. Calcination is performed at 500 °C for 16 h applying a 
heating rate of 1.2 °C/min. 
Synthesis of ASNCs following the procedure of Kievsky and Sokolov.
[19]
 
CTAC (4.85 g, 15.2 mmol, Acros, 99 %) is dissolved in doubly distilled water (76 ml) and 
32 % aqueous HCl (60 ml, Merck, p.a.) under vigorous stirring. The solution is cooled to 0 °C 
in an ice bath for 15 min under quiescent conditions, followed by the dropwise addition of 
cooled TEOS (2 ml, 13.4 mmol, Aldrich, 99.999 %) under stirring. The reaction mixture is 
kept at 0 °C under quiescent conditions for 3 h. The product is filtered off and dried at room 
temperature. Calcination is performed by heating to 300 °C for 2 h and subsequent heating to 
550 °C for 12 h at a heating rate of 2 °C/min. 
 
3.2 Functional Group Distribution on Mesoporous Silica 
Most applications of mesoporous silica require a postsynthetic functionalization with organic 
moieties, therefore the control and analysis of functional group distributions is very important. 
In our first experiments, we created multiple new methods to obtain a variety of different 
functional group distributions and also analyzed many procedures known from literature by 
applying CLSM. There are many synthetic pathways that assume e.g. homogeneous 
distribution or external surface functionalization, without providing solid analytic evidence. In 
our experiments an amine loading of 200 μmol/g is typically applied. 
We first tried to achieve selective functionalization of the pore surface. This can be done only 
by passivation of the external surface. The highly reactive diphenyldichlorosilane is assumed 
to preferably react with accessible external surface sites and has therefore been used as a 
passivation agent.
[33]
 The subsequently grafted APTES can now presumably only attach to the 
pore surface. The problem with selective pore surface modification arises upon analysis. 
Since only the functionalized part can be visualized by CLSM, the specimen appears the same 
as a slightly smaller particle with a total surface functionalization. We decreased our efforts in 
this field, because, unless mesoporous nanoparticles are considered, the external surface 
accounts for only 1 - 10 % of the total surface, and therefore the external surface modification 
can be neglected for uniformly functionalized samples with a low degree of functionalization. 
To achieve a truly homogeneous distribution, co-condensation is the method of choice, but it 
is not readily applicable if mesoporous particles of certain sizes, morphologies or with a 
narrow PSD are required, since the co-condensed aminosilane influences the particle 
formation. It has for example so far not been possible to synthesize ASNCs by co-
condensation with aminosilanes. Also, it cannot be excluded that the functional groups are 
partially included into the pore walls and are therefore unavailable for further modification. 
However, for many applications, a nearly homogeneous distribution is sufficient and such a 
modification can be achieved with postsynthetic grafting under the appropriate conditions. 
Our results show that the mobility of aminosilanes on silica surfaces strongly depends on the 
PART I  Mesoporous Silica 
 
-19- 
 
aminosilane itself on the one hand, and on the solvent polarity on the other hand. Uniform 
distributions are achieved with polar solvents and APTES (Fig. 20). 
   
Fig. 20 Example of functional group distributions on SBAs (left) and ASNCs (right) after applying APTES in a 
polar solvent and subsequent labeling with FITC. The SBAs particle shown has a diameter of approximately 
8 µm and the ASNCs particle has a length of approximately 5 µm. 
The applied reaction conditions vary considerably in temperature and reaction time, but 
similar results were found. Temperatures from 20 °C up to 120 °C and reaction times from 
10 min to 3 h were tested. 
Our first approach to achieve the selective functionalization of the external surface was to 
imitate the external surface passivation method
[33]
 using bromopropyltrichlorosilane instead of 
diphenyldichlorosilane. Analysis of the bromopropyl coupled fluoresceinamine with CLSM 
however did not show any selectivity towards the external surface. Another quite obvious 
approach for external surface selectivity is the use of as-synthesized mesoporous silica, still 
containing the SDA within the pores. APTES was grafted to the as-synthesized materials and 
the fluorescent label was attached. The SDA was removed afterwards by extraction. But even 
with the SDA inside the pores, the APTES was found to penetrate the pores to a considerable 
extent. Furthermore, we conducted the reaction with SDA containing materials in a non-polar 
solvent with a short reaction time following a procedure by Mal et al.
[34, 35]
 Applying a non-
polar solvent reduces the mobility of the aminosilanes on the silica surface and therefore 
should direct the functionalization towards the external surface. However, analysis by CLSM 
did not show any selectivity for the external surface (Fig. 21). 
 
Fig. 21 CLSM images of SBAs functionalized with Cl3Si(CH2)3Br (left), with APTES on as-synthesized SBAs 
in a polar (middle) or non-polar (right) solvent. The diameter of the SBAs particles is 5 - 7 µm, the red samples 
are labeled with Rhodamin B isothiocyanate, the green sample is labeled with FITC. 
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The breakthrough in the selectivity for the external surface was the application of 
aminosilanes with reduced mobility on the mesoporous silica surface. Thin layer 
chromatography experiments showed that bis(triethoxysilyl)propylamine (BTESPA) and 
mainly 3-aminopropyltrimethoxyethoxyethoxysilane (APTMEES) are prominent candidates 
for external surface modification. Experiments in different solvents applying these two 
amines on either calcined or as-synthesized mesoporous materials proved that APTMEES in 
non-polar solvents provides an excellent selectivity for the external surface (Fig. 22).
[38, 54]
 
Experiments with Texas Red as a second label showed that no pore blocking occurs and that 
the pores are still accessible after APTMEES functionalization.  
 
Fig. 22 Example of functional group distributions on SBAs (left) and ASNCs (right) after applying APTMEES 
in a non-polar solvent and subsequent labeling with FITC. The SBAs particle has a diameter of approximately 
6 µm, the ASNCs particle a length of approximately 5 μm. 
Results of this solvent and amine screening experiments revealed that APTES is suited best 
for achieving a homogeneous distribution, while APTMEES exhibits a high tendency to graft 
to the external surface. The use of BTESPA leads to inhomogeneous distributions but not 
selectively to an external surface functionalization (Fig. 23). 
 
Fig. 23 Example of functional group distributions on SBAs (left) and ASNCs (right) after applying BTESPA in a 
non-polar solvent and subsequent labeling with FITC. The SBAs particle has a diameter of approximately 5 µm, 
the ASNCs particle a length of approximately 5 μm. 
For an in-depth analysis of the spatial distributions of the luminescence, intensity profiles 
were calculated based on the CLSM images (Fig. 24). 
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Fig. 24 Luminescence intensity profile of mesoporous samples, blue is low intensity, orange is high intensity. 
Top row: ASNCs, bottom row: SBAs, left column: functionalization with APTMEES, right column: 
functionalization with APTES. The ASNCs particles have a length of 5 µm, the SBAs a diameter of 6 - 8 µm. 
In the solvent screening experiments, ethanol, acetone, THF, acetonitrile and toluene were 
investigated in addition to hexane. Results show that an increasing solvent polarity leads to 
increasingly uniform distributions.  
The aminosilane/solvent combinations affect the FITC coupling yield. While the aminosilane 
grafting yield was always in the range of 80 - 100 %, independent of the solvent, the 
accessibility of the grafted amino groups was found to be affected. For small pores as in 
ASNCs (Tab. 1), a higher selectivity for the external surface also caused higher FITC 
coupling yields.  
 as-synthesized calcined 
APTES 44 9 
APTMEES 50 17 
BTESPA 28 16 
Tab. 1 FITC loadings on ASNCs after grafting with 100 µmol/g of the respective aminosilane in hexane. Values 
are given in μmol/g.  
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As-synthesized mesoporous silica features a higher surface silanol density than calcined 
mesoporous silica because of the condensation of silanol groups upon calcination.
[21]
 
Combined with the excellent accessibility of the amino groups on the external surface and at 
the pore entrances, this leads to the observed higher FITC coupling yields for as-synthesized 
samples. 
Extraction of the as-synthesized materials was generally performed after FITC labeling. 
Extraction between grafting and FITC labeling did not alter the resulting FITC distribution. 
For large pore materials such as SBAs (Tab. 2), the accessibility of the pore surface is 
generally better,
[40]
 therefore the FITC coupling yields are larger for samples with 
homogeneously distributed amino groups. This is confirmed by our results for the calcined 
materials. For the as-synthesized materials, however the interactions between the SDA and 
the FITC play a major role, therefore these coupling yields are not representative for the 
aminosilane distribution 
 as-synthesized calcined 
APTES 18 20 
APTMEES 10 38 
BTESPA 2 42 
Tab. 2 FITC loadings on SBAs after grafting with 100 µmol/g of the respective aminosilane in hexane. Values 
are given in μmol/g. 
Variation of the solvent used for grafting the aminosilane was performed on calcined ASNCs 
and shows trends in FITC loading (Tab. 3) similar to those found in the amine screening. 
Polar solvents lead to a more homogeneous amine distribution and therefore to a lower FITC 
coupling yield, whereas non-polar solvents lead to a higher degree of external surface 
functionalization and therefore to a higher FITC coupling yield. 
solvent acetone ethanol acetonitrile THF toluene 
FITC 3 9 5 3 20 
Tab. 3 FITC loadings on calcined ASNCs after grafting with 100 µmol/g of APTMEES in the respective 
solvent. Values are given in μmol/g. 
Further results of aminosilane and solvent screening can be found in Chapter 5.1 and 5.2. 
3.2.1 Experimental 
Passivation of mesoporous silica surface with diphenyldichlorosilane
[33]
and further 
functionalization 
MCM-41 (500 mg) is dried at 80 °C for 16 h and then dispersed in dry THF. Diphenyl-
dichlorosilane (10 μl, 50 μmol, Fluka, ≥ 98.5 %) is added to the suspension. After stirring for 
1 h, the mixture is cooled to -80 °C and a solution of APTES (9.3 μl, 40 μmol, Acros, 99 %) 
and FITC (30 mg, 77 μmol, Fluka, ≥ 97.5 %) in THF (5 ml) is added. The resulting mixture is 
stirred at -80 °C for 3 h and subsequently heated to 50 °C for 20 h. After cooling to room 
temperature the product is collected by filtration. 
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General method of postsynthetic FITC labeling 
Amine-functionalized mesoporous silica is suspended in a solution of FITC (Fluka, ≥ 97.5 %) 
(1.5 - 2 eq with respect to the amine) in ethanol. After 24 h of stirring at room temperature, 
the labeled product is collected by filtration and washed thoroughly with ethanol and 
deionized water. 
Co-condensation of APTES with SBAs 
FITC (15.2 mg, 39 μmol) and APTES (9.6 μl, 41 μmol, Acros, 99 %) are dissolved in ethanol 
(7.8 ml) and stirred for 5 h. This solution is then added in the first step of the SBAs synthesis 
(see Chapter 3.1.1). The addition of FITC can also be omitted. If this is the case, FITC 
labeling is done postsynthetically.  
Postsynthetically applied homogeneous distribution of amino groups 
Mesoporous silica (ASNCs or SBAs) (100 mg) is dried at 80 °C for 1 h and subsequently 
dispersed in ethanol (20 ml). APTES (2.3 μl, 10 μmol, Acros, 99 %) is added to the solution 
and the mixture is subsequently heated to reflux for 3 h. After cooling to room temperature, 
the functionalized silica is collected by filtration and washed with ethanol. 
Functionalization of SBAs with Cl3Si(CH2)3Br and coupling of fluoresceinamine 
Calcined SBAs (150 mg) is dispersed in THF (15 ml) and Cl3Si(CH2)3Br (2.5 μl. 16 μmol) is 
added under strong magnetic stirring. The suspension is stirred for 15 min at room 
temperature. The product is thoroughly washed with THF (approx. 50 ml) and ethanol 
(approx. 50 ml). After drying at 80 °C, the white powder is dispersed in ethanol and 
fluoresceinamine (9.4 mg, 27 μmol, Aldrich) and triethylamine (3.8 μl, 279.5 mmol, Fluka, 
≥ 99.5 %) are added. The mixture is stirred for 24 h followed by filtration and ethanol 
washing.  
Functionalization according to the procedure of Mal et al.
[34, 35]
 
As-synthesized mesoporous silica (ASNCs or SBAs) (100 mg) is dispersed in hexane (10 ml). 
APTES (2.3 μl, 10 μmol, Acros, 99 %) is added and the suspension is stirred for 15 min. After 
filtration the product is washed with a small amount of ethanol and deionized water and dried 
at 80 °C for 16 h prior to labeling with FITC and extraction (in case of as-synthesized 
material). 
Solvent and amine screening experiments 
Calcined or as-synthesized mesoporous silica (ASNCs or SBAs) (200 mg) is dispersed in the 
solvent (toluene, THF, acetone, acetonitrile or ethanol) (20 ml). Aminosilane (APTES (Acros, 
99 %), BTESPA (ABCR, 95 %) or APTMEES (ABCR, 95 %)) (20 μmol) is added, and the 
suspension is stirred for 10 min. The product is collected by filtration, washed with a small 
amount of ethanol and deionized water and dried at 80 °C for 16 h followed by FITC labeling 
and extraction (in case of as-synthesized material). 
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SDA extraction of functionalized as-synthesized materials 
The non-ionic SDA of SBAs is extracted by Soxhlet for 24 h with ethanol.
[55]
 The ionic SDA 
of ASNCs is removed by ion exchange with NH4NO3 in ethanol.
[56]
 Typically, ASNCs 
(200 mg) are dispersed in a solution of NH4NO3 (60 mg, 750 mmol, Merck, p.a.) in ethanol 
(30 ml). The suspension is heated to 60 °C under stirring for 15 min. The mesoporous 
material is recovered by filtration and washed with cold ethanol. The whole procedure is 
repeated twice. 
 
3.3 Effect of Trace Water on the Distribution of Aminosilanes on 
Mesoporous Silica 
The presence of trace water in grafting reactions largely influences the outcome. It is therefore 
important that grafting is performed under conditions with controlled water content. It has 
been shown that the presence of water leads to the polymerization of trialkoxysilanes on silica 
surfaces.
[57, 58]
 The aminosilane clusters which form upon polymerization can cause pore 
blocking. Blocked pores are not accessible for functionalization, which can be observed by 
CLSM (Fig. 25). Materials with blocked pores also feature a non-functionalized pore body 
and therefore exhibit a larger pore size than homogeneously functionalized pores. 
  
Fig. 25 SEM image of ASNCs with CLSM pictures of FITC labeled ASNCs grafted with APTES in water free 
and water containing solvent (left). PSDs of MCM-41 grafted with APTES without (crosses), with 0.5 
monolayer (dashed line), 1 monolayer (empty circles), and 2 monolayers (full circles) of water relative to the 
silica surface. The pore diameter is given relative to the maximum of the pore size distribution of the unmodified 
material (right). 
We investigated the changes in pore size and distribution that arise upon variation of the water 
content in the reaction, using CLSM and nitrogen sorption. The measurements were done with 
APTES grafted on mesoporous silica in solvents containing: no water, 0.5 monolayer of 
water, 1 monolayer of water or 2 monolayers of water. A monolayer refers to the amount of 
water needed to cover the total surface area of the mesoporous silica used in the reaction, 
based on the fact that 1 water molecule occupies 0.106 nm
2
 in an adsorbed monolayer.
[59]
 
Nitrogen sorption allows tracking of the subtle differences that occur already upon the 
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addition of 0.5 monolayer of water (Fig. 25) if a material with a narrow PSD is used. 
Therefore the nitrogen sorption measurements were conducted with hydrothermally 
synthesized MCM-41 prepared according to the method of Brühwiler and Frei
[60]
. With 
CLSM however, only the more pronounced effects arising upon addition of at least 
1 monolayer can be visualized. The results of the effect of water on the grafting of APTES on 
ASNCs in toluene can be found in the publication in Chapter 5.3 
In addition to the investigation of the effect of water, we also analyzed the influence of 
different reaction parameters on this effect. The investigated parameters were: pore size, 
solvent, amount of aminosilane, and use of a non-polymerizing aminosilane. 
 
Fig. 26 CLSM images of ASNCs and SBAs grafted in toluene containing 0 or 2 monolayer(s) of water. ASNCs 
particles feature a length of approximately 5 µm, SBAs particles have a diameter of 5 - 7 µm. 
CLSM analysis (Fig. 26) shows that the effect of water on the distribution of fluorescent 
labels is clearly visible for small pore diameters as in ASNCs. For large pore sizes as in 
SBAs, the effect disappears almost completely. This is most likely due to the APTES cluster 
formation and the resulting pore blocking, which is much more critical for mesoporous 
materials featuring small pores. 
Different solvents were used to reveal potential solvent effects. Because of the boiling point 
of the different solvents, the reactions were conducted at lower temperature than the reactions 
in the other experiments (50 °C instead of 80 °C). The reference sample (toluene) showed no 
temperature depending effects. 
The results (Fig. 27) illustrate that the effect of trace water on the aminosilane distribution is 
solvent independent for the investigated solvents. Trace water effects are therefore of 
potential relevance for grafting reactions in apolar, polar aprotic and polar protic solvents. 
Experiments with different amounts of APTES were done to study the concentration-
dependent effects on the cluster formation and subsequent pore blocking. Increasing pore 
blocking is expected to occur with increasing concentrations.  
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Fig. 27 CLSM images of ASNCs grafted with APTES in different solvents containing 0 or 2 monolayer(s) of 
water. The ASNCs particles feature a length of approximately 5 µm. 
Indeed, for low APTES loading (100 μmol/g), no pore blocking occurs, indicating the 
formation of less or smaller clusters. For high loadings (800 μmol/g) pore blocking occurs 
even without any water present (Fig. 28). As a consequence of the high density of amines at 
the pore entrances, the fluorescent label (FITC) cannot easily penetrate the pores even in the 
absence of cluster formation. 
 
Fig. 28 CLSM images of ASNCs grafted with different amounts of APTES in toluene containing 0 or 
2 monolayer(s) of water. The ASNCs particles feature an average length of approximately 5 µm. 
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To check whether the effects seen in the CLSM are based on cluster formation, a series of 
control experiments was conducted with an aminosilane unable to form clusters. 3-amino-
propyldiisopropylethoxysilane (APDIPES) features only one alkoxysilane bond and can 
therefore only cross-link to form dimers. 
 
Fig. 29 CLSM images of ASNCs grafted with APDIPES in toluene containing 0 or 2 monolayer(s) of water. The 
ASNCs particles feature a length of approximately 5 µm. 
The experiment shows that the addition of water has no effect on the distribution of APDIPES 
as was to be expected (Fig. 29). Experiments conducted in a later project (see Chapter 5.4) 
showed, however, that results achieved with APDIPES on mesoporous silica are not reliable 
and have to be studied carefully, because solutions containing APDIPES can partially degrade 
the mesoporous structure. 
3.3.1 Experimental 
General grafting procedure for water effect experiments 
Calcined mesoporous silica (ASNCs or SBAs) (100 mg), stored at 80 °C is dispersed in dry 
toluene (10 ml, Sigma-Aldrich, H2O ≤ 0.005 %) and sonicated for a few seconds. Deionized 
water (0, 1 or 2 monolayer(s)) is added followed by another few seconds of ultrasonication. 
The suspension is stirred at room temperature for 1 h. APTES (9.3 μl, 40 μmol, Acros, 99 %) 
is added and the suspension is stirred at 80 °C for 3 h. The product is collected by filtration, 
washed with ethanol and dried in a vacuum. FITC coupling was performed in ethanol for 
24 h. 
Monolayer(s) 
For SBAs, 1 monolayer equals 22.4 μl of water calculated for 100 mg of SBAs. 
For ASNCs, 1 monolayer equals 31.6 μl of water calculated for 100 mg of ASNCs. 
Alterations 
- The second reaction step is done at 50 °C for solvent screening experiments 
- 2.3 and 18.6 μl of APTES is added for 100 or 800 μmol/g loadings, respectively 
- APDIPES (10 μl, 40 μmol, ABCR, 97 %) is used instead of APTES in the control 
experiments 
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3.4 Correlation between Nitrogen Sorption and Confocal Laser Scanning 
Microscopy 
Emerging from our investigation of the trace water effect where we experienced what a 
powerful analysis the combination of nitrogen sorption and CLSM can be, we decided to do a 
series of experiments to show the value of this combination. While CLSM is a very potent 
tool to analyze the overall distribution of functional groups, it has some drawbacks. First, 
CLSM does not visualize the distribution of the functional groups, but only the distribution of 
the fluorescent label attached to it, and second, some different distributions cannot be 
distinguished by CLSM as the following examples will show (Fig. 30). 
 
Fig. 30 Schematic representation of different examples of functional group distributions on mesoporous silica. 
A: homogeneous distribution, B: cluster formation, C: selective external surface functionalization, D: external 
surface functionalization with additional functionalization of pore entrances.  
Due to lacking resolution in vertical direction (approximately 0.5 - 1 μm), CLSM always 
shows an overlay of hundreds of pores, therefore a sample featuring small clusters (Fig. 30 B) 
gives the same image in CLSM analysis as a homogeneously distributed one (Fig. 30 A). 
With nitrogen sorption, however, a smaller average pore size is measured for sample A than 
for B, with the same degree of functionalization, because the pores in B exhibit many 
subsections with almost no functionalization. A second example where CLSM analysis 
reaches its limit is the differentiation between exclusive external surface functionalization 
(Fig. 30 C) and external surface functionalization with a certain degree of functionalization at 
the pore entrances (Fig. 30 D). Again this differentiation can be measured with nitrogen 
sorption, due to the functional groups at the pore entrances, sample D features a smaller total 
pore volume than sample C. 
These examples illustrate that it is important to support CLSM results with nitrogen sorption 
data. The experimental study on the correlation of nitrogen sorption and CLSM analysis can 
be found in Chapter 5.4. 
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3.5 Adjusting and Probing of Pore Size Distributions 
Inspired by the dye/zeolite-based light harvesting and solar conversion systems,
[61-64]
 we 
undertook efforts to build a similar system that is not restricted to a single pore size as small 
as the one of zeolite L, so that larger organic dyes could be integrated. Materials such as 
ASNCs are predestined for such an application, however, when we tried to align dye 
molecules in the channels, we recognized that although they show arrangement preferably in 
the direction along the channels, they are not strictly oriented in a unidirectional fashion 
(Fig. 31).  
 
Fig. 31 Fluorescence microscopy image of PR 149, an organic perylene dye derivative, included in ASNCs. The 
images are acquired using a polarizer in front of the detector. The arrows indicate the polarization direction. 
A possible solution to this problem is the tuning of the pore size of ASNCs. Our first 
approach was to modify the synthesis procedure. Swelling agents are used to enlarge the pore 
size of SBA materials,
[25]
 most notably the addition of 1,3,5-trimethylbenzene (TMB) giving 
distinct pore sizes of up to 20 nm.
[65]
 Unfortunately, the hexagonal morphology of the ASNCs 
is not retained upon the addition of TMB during the synthesis. We then focused our efforts on 
making ASNCs with smaller pore sizes. Applying dodecyltrimethylammonium chloride 
(C12TAC) instead of CTAC (C16TAC) as SDA leads to smaller micelles and therefore to a 
smaller pore diameter.
[40]
 For ASNCs the pore size is reduced to values below 2 nm. The 
hexagonal morphology, however, is lost (Fig. 32). 
 
Fig. 32 SEM image (left) and PSD (right) of ASNCs synthesized using C12TAC. SEM scale bar is 2 μm. 
The experiments with TMB and C12TAC show that the ASNCs synthesis procedure does not 
tolerate additional reactants, losing the well-defined morphology and pore structure. 
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Therefore we approached the problem in a different way, trying to modify the pore size post-
synthetically. Our general idea for postsynthetic reduction of the pore size was a layer-by-
layer deposition of silica from a precursor (Fig. 33). 
 
Fig. 33 Schematic representation of the layer-by-layer deposition method, where r1 > r2 > r3. 
The first and most obvious approach was to use TEOS as silica source for the additional 
layers. Based on the fact that mesoporous silica features 3 - 5 hydroxy groups per square 
nanometer,
[21]
 we added an amount of TEOS that corresponds to 1 molecule per square 
nanometer. To remove the remaining surface alkoxy groups the material was dispersed in 
water and stirred for 20 min after TEOS grafting. The implementation of one layer of TEOS 
led to a remarkable reduction of pore size and pore volume, indicating a quite homogeneous 
grafting on the surface. Implementation of a second and third layer, however, resulted in 
almost no further reduction of the pore size (Fig. 34). The only reasonable explanation for this 
is a lack of accessible hydroxy groups on the surface. 
 
 
Fig. 34 PSDs of parent ASNCs (filled circles), grafted with one layer (empty circles), two layers (filled squares) 
or three layers (empty squares) of TEOS. PSDs were calculated by NLDFT from the adsorption branch of the 
nitrogen sorption isotherms. 
To solve the problem of dealkoxylation and enhance the homogeneity of the layers we applied 
methyltrimethoxysilane (MTMS) as a silica source and removed the methyl groups by 
calcination in air. It can be seen (Fig. 35) that again the first step decreased both pore size and 
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pore volume considerably. However, as already experienced with TEOS, the subsequent steps 
had only a minor influence on the pore size and pore volume. 
 
Fig. 35 PSDs of parent ASNCs (filled circles), grafted with one layer (empty circles), two layers (filled squares), 
three layers (empty squares) or four layers (filled triangles) of  MTMS. PSDs were calculated by NLDFT from 
the adsorption branch of the nitrogen sorption isotherms. 
Since the first step was successful in both experiments conducted so far, we came up with the 
idea to use larger siloxane molecules as precursors to form the layers. We applied octakis-
(dimethylsiloxy)-t8-silsesquioxane (T8), a cluster, consisting of 16 oxygen bridged silicon 
atoms. T8 contains no alkoxysilanes and can therefore not be grafted to the surface in 
traditional fashion. T8 was added to a suspension of ASNCs in hexane, physisorbed on the 
surface by hexane evaporation, and calcined in air. The application of one layer of T8 resulted 
in complete occupation of the pores, reducing the pore volume to almost zero (Fig. 36).  
 
Fig. 36 PSDs of parent ASNCs (filled circles), grafted with one layer (empty circles) of T8. PSDs were 
calculated by NLDFT from the adsorption branch of the nitrogen sorption isotherms. 
Deciding to make a compromise between the mono-silicon molecules and the large T8 
cluster, we started experimenting with dodecamethylpentasiloxane (DMPS). Since DMPS is a 
pure alkylsiloxane without any alkoxysilyl groups, the same technique was applied for layer 
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adsorption as for T8. The nitrogen sorption results show that the adsorption of layers of 
DMPS leads to a continuous decrease in pore size and pore volume for every layer (Fig. 37), 
from a pore size of 3.2 nm down to 2.3 nm upon adsorption of three layers.  
 
Fig. 37 PSDs of parent ASNCs (filled circles), grafted with one layer (empty circles), two layers (filled squares), 
and three layers (empty squares) of DMPS. PSDs were calculated by NLDFT from the adsorption branch of the 
nitrogen sorption isotherms. 
To check if the pores are still fully accessible, pore size probing experiments were performed 
applying spatially demanding luminescent subphthalocyanines. Further results of DMPS 
adsorption and pore size probing can be found in the publication in Chapter 5.5. 
3.5.1 Experimental 
Pore swelling with TMB 
TMB (x ml, Acros, 99 %) is added to the CTAC solution in the beginning of the ASNCs 
synthesis (see Chapter 3.1.1). 
x = 2.1 (1 eq referring to CTAC), 1.05 (0.5 eq referring to CTAC) or 0.53 (0.25 eq referring 
to CTAC). 
ASNCs synthesis with C12TAC 
ASNCs synthesis (see Chapter 3.1.1) is performed, using C12TAC (x g, Aldrich, ≥ 99 %) 
instead of CTAC (Acros, 99 %). 
x = 4.0 (1 eq referring to CTAC), 6.0 (1.5 eq referring to CTAC), 8.0 (2 eq referring to 
CTAC) or 6.67 g (same volume as CTAC, based on the following calculation). 
Volume calculation for micelles with the same length l, based on the pore sizes of 
MCM-41(12)
[40]
 and MCM-41(16).  
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Pore size:    d(16) = 3.93 nm  d(12) = 3.06 nm 
Micelle volume:  )16(V = l
2
2
93.3






  )12(V = l
2
2
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V
:   65.1
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93.3
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)16(
2
2
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V
V
 
Amount of C12TAC:  1.65*Amount of CTAC (15 mmol) = 6.67 g (24.75 mmol) 
Layer deposition of TEOS/MTMS 
TEOS (55 μl, 246 μmol (1 molecule per nm2), Fluka, ≥ 99 %) or  MTMS (42 μl, 290 μmol, 
Aldrich, ≥ 98 %)  is added to a suspension of calcined ASNCs (110 mg) in dry toluene 
(20 ml) and stirred for 1 h at 0 °C. Subsequently, the suspension is heated to 80 °C for 3 h. 
The ASNCs are recovered by filtration, washed with ethanol and deionized water, and 
redispersed in 40 ml of water. After stirring for 20 min at room temperature, the product is 
collected by filtration and dried at 80 °C. 
The procedure is repeated once/twice for a second/third layer. 
Layer deposition of T8/DMPS 
T8 (70 mg, 69 μmol (approximately half a monolayer, if T8 is considered as a cube with an 
edge length of 1.2 nm), ABCR) or DMPS (53 μl, 122 μmol (1 molecule per 5 surface hydroxy 
groups), Sigma-Aldrich, 97 %) is dissolved in hexane (5 ml). ASNCs (100 mg) are added to 
the solution and the resulting suspension is stirred for 1 h. After evaporation of the solvent at 
room temperature, the material is calcined by heating to 300 °C for 2 h and subsequent 
heating to 550 °C for 12 h at a heating rate of 2 °C/min. 
 
3.6 Adjusting Particle Size and Morphology  
To achieve arrangements of molecules on a macroscopic scale, it is not only important to be 
able to align these molecules in the pores of ASNCs, but also to be able to align the ASNCs 
particles themselves. Although it is in principle possible to arrange such particles by 
introducing them into an suitable polymer foil, and stretching the latter,
[66]
 the particles are 
oriented along the stretching direction and consequently have their channels running in 
parallel to a potential substrate. A very short hexagonal particle, however, could be oriented 
with the pores perpendicular to the surface with a high probability (Fig. 38). For a variety of 
optical applications, a channel orientation perpendicular to a substrate surface would be the 
arrangement of choice.
[66]
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Fig. 38 Illustration of the orientation of long (left) and short (right) hexagonal rods on a surface. 
Such particles have been reported by Chen et al. in 2008
[67]
. Unfortunately, the particles 
feature a large pore size of about 9 nm, and are often partly interwoven with each other 
(Fig. 39) and are therefore not suited for our field of application.  
The platelet morphology of SBA-type materials is achieved by adding ZrOCl2 to the reaction. 
Zr(IV) reagents interact with the triblock copolymers that serve as SDA and influence the 
micelles. However, materials that are synthesized with triblock copolymers exhibit large pore 
sizes. Experiments we conducted show that the synthesis of materials using CTAC as SDA 
are not influenced in the same manner by Zr(IV) reagents. 
 
Fig. 39 SEM image (left) and PSD (right) (DFT equilibrium model) of SBA platelets synthesized according to 
the procedure of Chen et al. 
Suzuki et al. found that applying Pluronic F127 (F127, EO106PO60EO106) as a cosurfactant in 
the synthesis of MCM-41 leads to a dramatic decrease in particle size. F127 adsorbs onto the 
growing mesoporous silica particle, and in this way inhibits particle growth (Fig. 40). 
[68]
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Fig. 40 Schematic representation of the functions of two surfactants. 
Applying F127 in the synthesis of ASNCs showed that F127 preferentially adsorbs at the top 
and at the bottom surfaces, where the pore entrances are located and therefore leads to a  
smaller ratio of length to width (l:w ratio, smaller l:w ratio means shorter rods). However, 
F127 also causes a less pronounced hexagonal morphology. To investigate this effect we did a 
series of experiments with different amounts of F127 (Fig. 41). Since the exact average 
molecular weight is not known (presumably 12500 g/mol), the amount of F127 will be given 
in gram added to a ASNCs synthesis employing 2 ml of TEOS, 4.85 g of CTAC, and 136 ml 
of solvent. 
Upon increase of the amount of F127 added to the synthesis, the resulting particles become 
shorter, but they also start featuring bulges on the top and bottom surfaces, therefore it is not 
possible to align them on a flat surface. Also, the reaction yield decreases from 250 - 300 mg 
without F127 to 20 - 50 mg with more than 3 g of F127. Upon addition of 3.7 g of F127 the 
reaction yielded no product. 
An amount of 3.15 g proved to be a good compromise between short particles and curved top 
and bottom surfaces. However, further experiments showed that the degree of alignment of 
the particles on a flat surface is not sufficient. 
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Fig. 41 ASNCs synthesized with different amounts of F127 as cosurfactant. Applied amounts were: 1 g (A), 
2 g (B), 3 g (C), 3.15 g (D), 3.25 g (E), or 3.5 g (F). The scale bar is 1 μm for all samples.   
To improve the particle morphology further, we changed the other reaction parameters, such 
as TEOS and CTAC concentration, temperature and reaction time. The change of the TEOS 
concentration had no visible effect on the outcome of the synthesis, whereas changes of the 
CTAC concentration yielded particles with undefined morphology. 
Upon lowering the reaction temperature to - 5 °C, CTAC partially crystallized, and no product 
was formed. Increasing the temperature to 7 °C yielded long thin fibers (Fig. 42), the opposite 
of what we were looking for. 
 
Fig. 42 SEM image of ASNCs synthesized at 7 °C. The scale bar is 10 μm. 
After changing temperature and reactant concentrations gave no useful results, the reaction 
time remained the last parameter to vary for this reaction. Our results indicate (Fig. 43) that 
shorter reaction times in reactions containing F127 lead to particles with a slightly larger l:w 
ratio featuring a more distinct hexagonal morphology, whereas longer reaction times lead to 
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particles with a lower l:w ratio with a less defined morphology. Unfortunately, shorter 
reaction times also decrease the yield of the ASNCs synthesis. 
 
Fig. 43 ASNCs synthesized in a reaction containing 3 g of F127. The reaction time was 1 h 30 min (left), 3 h 
(middle) or 4 h (right). The scale bar is 2 μm. 
Based on the knowledge we gained about the influence of F127 and the reaction time, we 
should be able to get the desired particles by application of a certain amount of F127 and the 
right reaction time, because we are able to control the length of the particles by controlling the 
amount of F127 and the quality of the particle morphology by shortening of the reaction 
times. Due to the fact that shorter reaction times also lead to larger l:w ratio, amounts of F127 
larger than 3.15 g have to be applied. The biggest problem that arises with this amount of 
F127 and a reaction time below 2 h is that almost no product can be collected from the 
synthesis anymore. Our best results so far were achieved using 3.20 g and 3.25 g of F127 with 
a reaction time of 1.5 h (Fig. 44). In these reactions, particles with the desired morphologies 
are found. However, the yield is low and the particle morphology is not homogeneous enough 
for further application. 
 
Fig. 44 ASNCs synthesized in a reaction containing 3.20 g (left) or 3.25 g (right) of F127. The reaction time was 
1 h 30 min. The scale bar is 1 µm. 
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3.6.1 Outlook 
Considering the fact that the addition of a cosurfactant during the synthesis significantly alters 
the l:w ratio of the resulting ASNCs, the next step will be the application of different 
cosurfactants. We already tried syntheses with multiple commercially available triblock 
copolymers with different EO:PO ratios which did not result in hexagonal particles. For an 
ideal cosurfactant, polymers with subtle differences to F127 have to be synthesized and 
investigated. 
3.6.2 Experimental 
SBA-platelets following the procedure of Chen et al.
[67]
 
P123 (1 g, 172 μmol, Sigma-Aldrich) and ZrOCl2•8 H2O (162.5 mg, 504 μmol, Merck, p.a.) 
are dissolved in 2 M aqueous HCl (40 g). After subsequent addition of TEOS (2.25 ml, 
10.1 mmol, Fluka, ≥ 99 %) the solution is stirred at 35 °C for 24 h. The mixture is then 
transferred to a Teflon-lined autoclave and heated to 90 °C for another 24 h under static 
conditions. The product is collected by filtration, washed with deionized water (100 ml) and 
dried at 80 °C. Calcination is performed at 500 °C for 16 h applying a heating rate of 
1.2 °C/min. 
ASNCs synthesis with Zr(IV)  
CTAC (4.85 g, 15.2 mmol, Acros, 99 %) and ZrOCl2•8 H2O (144 mg, 447 μmol, Merck, p.a.) 
are dissolved in a mixture of doubly distilled water (76 ml) and 32 % aqueous HCl (60 ml). 
The solution is cooled in an ice bath for 15 min, followed by the addition of cooled TEOS 
(2 ml, 9 mmol, Sigma-Aldrich, 99.999 %). After 3 h of aging at 0 °C under static condition, 
the product is recovered by filtration, washed with deionized water (150 ml) and dried at 
80 °C. Calcination is performed by heating to 300 °C for 2 h and subsequent heating to 
550 °C for 12 h at a heating rate of 2 °C/min. 
ASNCs synthesis with F127 
CTAC (4.85 g, 15.2 mmol, Acros, 99 %) and F127 (w = 3 g, Sigma) are dissolved in a 
mixture of doubly distilled water (76 ml) and 32 % aqueous HCl (60 ml). The solution is 
cooled in an ice bath for 15 min, followed by the addition of cooled TEOS (x = 2 ml, 9 mmol, 
Sigma-Aldrich, 99.999 %). The developing slurry is kept at y = 0 °C under static conditions 
for z = 3 h. After filtration, the collected product is washed with deionized water and dried at 
80 °C. Calcination is performed by heating to 300 °C for 2 h and subsequent heating to 
550 °C for 12 h at a heating rate of 2 °C/min. 
Variations 
- experiments with x = 1.5 and x = 3 
- experiments with y = -5 and y = 7 
- experiments with variation of w from 1 to 3.7 and simultaneously of z from 1.5 to 4 
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In, out, shake it all about: The distribution of fluorescence-labeled amino groups on 
mesoporous silica is imaged by confocal laser scanning microscopy. The mobility of the 
aminosilane precursor determines the degree of external vs. pore surface functionalization. 
This observation was used to develop a simple and general method for the modification of 
external mesoporous silica surfaces. 
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The control of the distribution of functional 
groups on mesoporous silica is essential for 
applications of these materials in various 
fields including catalysis,
[1]
 drug delivery,
[2]
 
and sensing.
[3]
 In order to define the 
interaction of the mesoporous silica particles 
with their surrounding medium, the selective 
modification of the external surface is of 
particular importance. Externally grafted 
functional groups can for example regulate 
the cellular uptake
[4]
 or provide targeting 
ability
[5]
 of mesoporous silica based drug 
delivery systems. 
The introduction of functional groups by 
grafting to a preformed mesoporous material 
(often referred to as postsynthetic functionali-
zation) is a versatile modification method, as 
the desired pore size distribution, pore 
system dimensionality, particle size, and 
particle morphology can be obtained in a 
straightforward manner. However, the 
control of the functional group distribution 
poses a particular challenge. A recently 
reported concept employs fmoc-modified 
organosilanes which are grafted to the 
external and internal (pore) surfaces of 
mesoporous silica. Under certain reaction 
conditions, the external surface groups can be 
deprotected selectively and subsequently 
functionalized further, whereas the groups 
located on the pore surface remain fmoc-
protected.
[6]
 A frequently used general 
method of postsynthetic external surface 
modification is based on the reaction of 
chloro-, methoxy-, or ethoxysilanes with as-
synthesized mesoporous silica, i.e., meso-
porous silica still containing the structure-
directing agent (SDA). We will show that 
considerable grafting to the pore surface can 
occur despite the presence of the SDA, and 
describe a convenient postsynthetic funct-
ionalization method with a high selectivity 
for the external surface. 
Confocal laser scanning microscopy 
(CLSM) has been used to visualize the 
spatial distribution of fluorescent guests in 
mesoporous and microporous host mate-
rials.
[7]
 The distribution of functional groups 
covalently bound to mesoporous silica can be 
similarly imaged after coupling with 
appropriate fluorescent labels. Large particles 
of defined morphology are ideal for this 
purpose. We have been working with hexa-
gonal particles, also known as arrays of silica 
nanochannels (ASNCs),
[8]
 as well as with 
spherical particles of the SBA-15 type 
(SBA-s)
[9]
 featuring a less ordered pore 
system and a larger average pore size than 
the ASNCs (Figure 1, Table 1). In both cases, 
functionalization reactions were carried out 
either before or after removal of the SDA.  
Table 1. Textural properties of the parent ASNCs and 
SBA-s. 
 ASNCs SBA-s 
Average Pore Diameter [nm] 2.9 ca. 5.5 
BET Surface Area [m
2
/g] 1120 795 
External Surface Area [m
2
/g] 37 10 
Total Pore Volume [cm
3
/g] 0.62 0.74 
Figure 1. Pore size distribution of ASNCs (solid 
circles) and SBA-s (empty circles). The well-defined 
morphology of the particles is illustrated by the 
corresponding electron micrographs. The image of the 
ASNCs shows two particles (one particle is standing 
on its hexagonal base). 
Apart from the frequently employed 3-ami-
nopropyltriethoxysilane (APTES), 3-amino-
propyltris(methoxyethoxyethoxy)silane 
(APTMEES) and bis(triethoxysilylpropyl)-
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amine (BTESPA) were used as reactants 
(Figure 2). The surface-grafted amino groups 
were subsequently labeled with fluorescein 
isothiocyanate (FITC) or Texas Red sulfonyl 
chloride (TR). Room temperature deposition 
of the silanes from hexane and curing at 
80 °C led to the remarkably different 
distributions shown in Figure 2. The 
following can be concluded from these 
results: (1) Due to the comparatively large 
pore diameter, reaction with calcined SBA-s 
leads to a high degree of pore surface 
grafting for all investigated silanes. The 
uniformity of the functional group 
distribution decreases in the series APTES > 
BTESPA > APTMEES. As a consequence of 
the narrower channels, this tendency is more 
pronounced when grafting to calcined 
ASNCs. In the case of APTMEES, an 
excellent selectivity for the external surface 
is obtained. The observation that BTESPA 
produces a less uniform distribution than 
APTES is in agreement with results obtained 
from a systematic study of the pore size 
distributions and luminescence intensities of 
respective FITC coupled, MCM-41 based 
samples.
[10]
 (2) Despite the presence of the 
SDA, grafting of APTES to as-synthesized 
SBA-s and ASNCs leads to significant pore 
surface derivatization. The reaction of 
APTES with as-synthesized mesoporous 
materials of the MCM-41 (alkyltrimethyl-
ammonium ions as SDA) and SBA-15 type 
(poly(alkylene oxide) block copolymer as 
SDA) is a frequently used procedure for the 
functionalization of the external surface. Our 
results show, however, that this method is not 
ideal. A similar result is obtained with 
BTESPA, despite its larger size and higher 
reactivity. The ability of ethoxy-, methoxy-, 
and chlorosilanes to displace the SDA from 
MCM-41 type materials can in fact be 
exploited to accomplish pore surface 
functionalization.
[11]
 (3) High selectivity for 
the external surface is observed upon grafting 
of APTMEES to as-synthesized materials. 
Analysis of the amount of surface-grafted 
amino groups by the fluorogenic derivati-
zation reaction with fluorescamine
[12]
 
revealed quantitative adsorption of the 
respective silanes on calcined ASNCs and 
SBA-s. Exclusive grafting to the external 
surface would therefore give rise to an amino 
group density of 1.6 nm
-2
 for ASNCs and 
6.0 nm
-2
 for SBA-s. 
 
 
Figure 2. CLSM images (after FITC labeling) of 
SBA-s (top panels) and ASNCs (bottom panels) 
functionalized with APTES, BTESPA, or APTMEES, 
showing three particles for each silane/silica 
combination. In the case of the as-synthesized 
samples, the SDA was extracted after FITC labeling. 
Particles of ASNCs depicted in columns #3 are 
standing on their hexagonal base. 
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As such high densities are unlikely, we 
assume that partial grafting to the pore 
surface occurs even in the case of 
APTMEES, although apparently predomi-
nantly at sites close to the pore entrances. 
The question remains whether the 
pronounced tendency of APTMEES to graft 
to the external surface is a consequence of 
pore blocking. To exclude this possibility, we 
have conducted the following experiment. 
As-synthesized SBA-s and ASNCs were 
functionalized with APTMEES as described 
above. After FITC labeling and extraction of 
the SDA, APTES was deposited from ethanol 
(3 h, RT), coupled to TR, and cured at 80 °C. 
The samples were washed repeatedly until 
the washing solution became colorless. 
Figure 3 shows that the bulky TR labels have 
entered the channels despite the presence of 
FITC labeled amino groups on the external 
surface. This indicates that the pores are 
indeed accessible after external surface 
functionalization with APTMEES. 
 
Figure 3. CLSM images of SBA-s (A and B) and 
ASNCs (C and D) after external surface functionali-
zation with APTMEES and labeling with FITC, 
followed by reaction with APTES in ethanol and 
labeling with TR. The left (green) images of each 
panel show the luminescence of the coupled FITC 
labels, whereas the right (red) images are obtained 
upon selective excitation of the TR labels. 
Deposition of aminopropylalkoxysilanes on 
silica at room temperature results in the 
formation of hydrogen bonds between the 
amino groups and the surface silanols. There 
is evidence in the case of APTES that this 
adsorption step reaches an equilibrium within 
1 min (in toluene).
[13]
 Deprotonation of 
silanol groups by the amines can lead to 
electrostatic interactions. The formation of 
siloxane bonds prior to the curing step has 
been observed in the APTES/silica sys-
tem.
[13]
 The distribution of a given 
aminosilane is determined by its mobility on 
the mesoporous silica surface, and, in the 
case of as-synthesized materials, its ability to 
penetrate the SDA-filled channels. Our 
results suggest that APTMEES is signi-
ficantly less mobile than BTESPA and 
APTES. 
 
Figure 4. CLSM images of calcined ASNCs after 
functionalization with APTMEES in ethanol (a), 
acetone (b), THF (c), toluene (d), and subsequent 
FITC labeling. The amino contents of the samples are 
close to 100 µmol/g. 
It is reasonable to assume that polar solvents 
lead to increased mobility. This concept has 
previously been used to control the site 
isolation of amino groups on mesoporous 
silica.
[10,14]
 The combination of APTMEES 
deposition and CLSM imaging allows to 
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directly visualize the effect of the solvent on 
the functional group distribution. As can be 
seen in Figure 4, the uniformity of the 
functional group distribution increases in the 
series toluene (≈hexane) < THF < acetone ≈ 
ethanol. 
In summary, we have shown that the 
deposition of APTMEES from hexane leads 
to excellent selectivity for the external 
surface of mesoporous silica. In case of small 
mesopore sizes, a high degree of external 
surface modification is obtained even for 
calcined samples. When working with as-
synthesized samples, APTMEES is superior 
to the frequently used APTES in terms of its 
tendency to graft to the external particle 
surface. The mesopores remain accessible 
after external surface functionalization with 
APTMEES. 
Experimental Section 
Spherical SBA-15 particles (SBA-s) were 
synthesized as follows:
[9]
 A solution of 
0.465 g of hexadecyltrimethylammonium 
bromide (Fluka) in 20 ml of H2O was added 
to a solution of 3.10 g of Pluronic P123 
(EO20PO70EO20, mav = 5800, Aldrich) in 
45.9 ml of 1.5 M aqueous HCl. After the 
addition of 7.8 ml of ethanol, the mixture 
was stirred vigorously and 10 ml of 
tetraethoxysilane (TEOS, Fluka) was added 
dropwise. Following further stirring for 2 h at 
RT, the mixture was transferred to a Teflon 
lined autoclave and kept at 78 °C for 72 h. 
The product was obtained by filtration, 
washed with 50 ml of H2O, and dried at RT. 
Calcination was performed at 500 °C for 16 h 
with a heating rate of 1.2 °C/min. As an 
alternative to calcination, the structure 
directing agent (SDA) was removed by 
Soxhlet extraction with ethanol during 
24 h.
[15] 
 
ASNCs were prepared by a procedure similar 
to the one reported by Kievsky and 
Sokolov.
[8]
 An amount of 4.85 g of 
hexadecyltrimethylammonium chloride (Ac-
ros) was dissolved in 76 ml of double 
distilled H2O and 60 ml of 32 % aqueous 
HCl by stirring for 1 min at ca. 1000 rpm in a 
polypropylene beaker. The solution was 
subsequently cooled to 0 °C for 15 min 
without stirring, followed by the slow 
addition of 2 ml of cold TEOS (Aldrich, 
99.999 %) and further stirring for 30 s. The 
resulting mixture was kept at 0 °C under 
quiescent conditions for 3 h. The product was 
collected by filtration and washed with 
250 ml of H2O. The SDA was removed by 
first heating at 300 °C for 2 h and calcining 
at 550 °C for 12 h. Heating rates of 2 °C/min 
were applied. Alternatively, the SDA was 
extracted by dispersing 200 mg of the as-
synthesized ASNCs in a solution of 90 mg of 
ammonium nitrate in 45 ml of ethanol, and 
stirring the mixture at 60 °C for 15 min. For 
complete extraction, this step was repeated 
twice.
[16]
 For both ASNCs and SBA-s, 
removal of the SDA by extraction was 
performed after aminosilane grafting and 
FITC coupling. Extraction of the SDA before 
FITC coupling led to the same results in 
terms of the distribution of the labels. 
 
Amino groups were grafted to the 
mesoporous silica materials as follows: 
200 mg of calcined or as-synthesized ASNCs 
or SBA-s was dispersed in 10 ml of hexane 
and 20 µmol of APTES, APTMEES, or 
BTESPA (ABCR GmbH & Co.) was added. 
After stirring the mixture for 10 min, the 
functionalized mesoporous silica was 
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recovered by filtration and cured in an oven 
at 80 °C for 16 h. 
 
The samples were labeled by stirring in 
ethanol containing 3 equivalents (relative to 
the amount of the respective silane) of FITC 
(fluorescein 5-isothiocyanate, isomer I, 
Fluka) or TR (Texas Red sulfonyl chloride, 
mixed isomers, Molecular Probes) for 16 h at 
RT. The labeled samples were washed 
repeatedly with ethanol until the washing 
solution became colorless. 
 
Nitrogen sorption isotherms were collected at 
77 K using a Quantachrome NOVA 2200. 
Samples were vacuum-degassed at 80 °C for 
3 h. The total surface area was calculated by 
the BET method, whereas the external 
surface area was determined from the high 
pressure linear part of the αS-plot (αS > 1).
[17]
 
Mesopore size distributions were evaluated 
by the NLDFT method developed for silica 
exhibiting cylindrical pore geometry 
(NOVAWin2 software, Version 2.2, Quanta-
chrome Instruments).
[18]
 The adsorption 
branch of the respective isotherm was used 
for the calculations. The total pore volume 
was determined by the amount of adsorbed 
nitrogen at a relative pressure of 0.95. 
Scanning electron microscopy images were 
acquired on a JEOL JSM-6060. The CLSM 
setup consisted of a Olympus BX 60 
microscope equipped with a FluoView 
detector and lasers operating at 488 and 
543.5 nm. Optical slices in the center of the 
particles were selected. 
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Abstract 
Most applications of mesoporous silica require some degree of functionalization. The surface 
of porous materials can be divided into external and internal (pore) surfaces, and in many 
cases, a selective functionalization of these surface subsections is desired. This short review 
outlines our recent work in this field and focuses on the postsynthetic functionalization of 
mesoporous silica with aminopropylalkoxysilanes and on the analysis of the respective 
functional group distributions by confocal laser scanning microscopy. Methods to obtain an 
amino-functionalized external surface and functional group gradients on the pore surface are 
reported. Arrays of silica nanochannels (ASNCs) serve as a model system for mesoporous 
silica. 
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1. Introduction 
Since its discovery in the early 1990s,
[1]
 mesoporous silica with ordered pores has quickly 
developed into an important class of materials with wide-spread applications in fields such as 
catalysis,
[2]
 drug delivery,
[3]
 sensing,
[4]
 imaging,
[5]
 and adsorption.
[6]
 Most of these 
applications require functionalization of the mesoporous silica surface. Mesoporous silica 
particles for drug delivery are a particularly illustrative example for the need of modification 
techniques that enable a controlled placement of functional groups on specific parts of the 
very large surface of these materials. Functional groups on the external particle surface define 
the interaction with the surrounding medium, solving different tasks, such as targeting, 
avoiding detection by the immune system, or preventing particle aggregation. In addition to 
the modification of the external surface, the pore surface needs to be functionalized 
independently with moieties for the optimization of drug adsorption. An ideal drug delivery 
system should further be equipped with stimuli-responsive gates ensuring zero release before 
reaching the target. The concept of opening and closing mesoporous silica channels by a 
physical or chemical stimulus has recently gained substantial interest.
[7] 
A key issue in the characterization of functionalized mesoporous silica is the identification of 
the functional group distribution. Unfortunately, in many reports, particularly in the field of 
catalysis, this issue is not well addressed. As a result, conclusions regarding structure-activity 
relationships are often based on incomplete data and do not contribute to advance the 
understanding of the respective systems. To investigate the parameters that affect the 
functional group distribution, we have been mainly focusing on amines, as they are among the 
most frequently employed groups for the modification of mesoporous silica surfaces. Once 
the amines are anchored, a further moiety can be coupled by means of amine-reactive 
derivatives such as isothiocyanates or sulfonyl chlorides. This concept is especially helpful for 
the analysis of the amino group distributions, because it allows the attachment of labels which 
amplify the presence of the amino groups in the pores by reducing the pore volume and, in 
certain cases, the pore diameter.
[8,9]
 The use of fluorescent labels opens further possibilities 
for characterizing the functional group distributions by confocal laser scanning microscopy 
(CLSM).
[10-12]
 However, CLSM requires relatively large mesoporous silica particles with 
defined morphology. Most procedures for the synthesis of mesoporous silica yield materials 
with irregular morphology but often extremely narrow pore size distributions (Figure 1). 
Despite their slightly broader pore size distribution, arrays of silica nanochannels (ASNCs) 
are ideal for CLSM,
[10]
 as the entrances of the hexagonally arranged channels are exclusively 
located on the base surfaces of the well-defined particles.
[13]
 Selective external surface 
functionalization, accumulation at the pore entrances, or uniform distributions of functional 
groups can therefore immediately be identified. 
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Fig. 1. Pore size distributions and scanning electron microscopy images of mesoporous silica MCM-41 (crosses) 
and arrays of silica nanochannels (ASNCs, dots). 
 
2. Functionalization of the External Surface 
The synthesis of mesoporous silica employs structure-directing agents (SDAs) to generate an 
ordered pore system.
[14]
 Grafting of 3-aminopropyltrialkoxysilanes, typically 3-
aminopropyltriethoxysilane (APTES), to mesoporous silica before removing the SDA is 
regarded as a straightforward method for external surface modification. Intuitively, one would 
assume that the SDA blocks the pores and thus prevents the silane molecules from reacting 
with silanol groups on the pore surface. Following this approach, we found that the degree of 
pore surface grafting strongly depends on the organosilane. In case of the frequently used 
APTES, significant derivatization of the pore surface was found despite the presence of the 
SDA in the pores, whereas 3-aminopropyltris(methoxyethoxyethoxy)silane (APTMEES) 
grafted preferentially to external surface sites, most likely as a consequence of the higher 
steric hindrance and lower surface mobility (Figure 2). 
 
 
Fig. 2. Functionalization of as-synthesized mesoporous silica with a 3-aminopropyltrialkoxysilane. ASNCs were 
used to enable imaging of the functional group distribution by means of CLSM. The grafted amino groups were 
labeled with fluorescein isothiocyanate (FITC) and optical slices in the center of the particles were selected. 
Each row of CLSM images shows three particles, with the outermost right particle standing on its hexagonal 
base. The top row of the CLSM images indicates the distribution of the amino groups in the case of the 
frequently used precursor APTES (R = CH2CH3). Note that a significant amount of pore surface 
functionalization occurs. Selective functionalization of the external surface is obtained with APTMEES (R = 
CH2CH2OCH2CH2OCH3), as apparent from the bottom row of CLSM images. The scheme on the left compares 
the size of the silanes with the pore size of the ASNCs. 
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The mesopores remained fully accessible for further modification after functionalization of 
the external surface with APTMEES (Figure 3). This method also works well for materials 
with pores larger than those of the ASNCs and has been tested for hexadecyltrimethyl-
ammonium and block copolymer SDAs.
[10] 
 
Fig. 3. Left: CLSM images of ASNCs after external surface functionalization with APTMEES and labeling with 
FITC, followed by reaction with APTES in ethanol and labeling with Texas Red (TR). The green image shows 
the luminescence of the FITC labels, whereas the red image was obtained upon excitation of the TR labels, 
indicating the excellent accessibility of the channels after external surface functionalization. Right: CLSM 
images of calcined ASNCs after functionalization with APTMEES in acetone, THF, toluene (top to bottom, 
particles are FITC-labeled) and schematic representation of the corresponding functional group distribution in 
the silica nanochannels. Note that the channels are in fact much longer (ca. 5 µm) compared to the pore diameter 
(3 nm). One particle contains approximately 200'000 nanochannels. 
 
The technique of grafting to as-synthesized mesoporous silica (still containing the SDA) 
suffers from the disadvantage that the preferred method of SDA removal, i.e., calcination at 
temperatures around 500 °C, cannot be employed. The SDA needs to be extracted to conserve 
the functional groups, which often requires several steps to obtain a material that is free of 
residual SDA. We found that grafting of APTMEES from non-polar solvents produces a high 
degree of external surface functionalization even in the case of calcined materials with fully 
accessible pores. However, in contrast to grafting to as-synthesized mesoporous silica, the 
degree of external surface functionalization strongly depends on the pore diameter. Large pore 
diameters increase the degree of pore surface functionalization.
[10]
 
 
3. Functionalization of the Pore Surface 
Obtaining uniform distributions of functional groups by a postsynthetic approach is 
challenging. Co-condensation techniques are typically employed to achieve a homogeneous 
distribution over the entire mesoporous silica surface.
[15]
 This requires a condensable 
precursor, often silanes of the type R'-Si(OR)3, with the functionality R' being stable under the 
conditions of the mesoporous silica synthesis. The addition of organoalkoxysilanes to the 
synthesis mixture can have a pronounced effect on the pore structure and morphology of the 
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resulting mesoporous material. High functionalization degrees lead to decreasing mesoscopic 
order. Postsynthetic functionalization, on the other hand, offers possibilities for functional 
group placement and high surface concentration without compromising the mesoscopic 
order.
[16]
 A simple procedure for conducting postsynthetic functionalization is the reaction of 
an organotrialkoxysilane R'-Si(OR)3 with the surface silanol groups of the calcined 
mesoporous silica. Such reactions are typically performed in an organic solvent, often at 
elevated temperatures. Trace water needs to be avoided if a high uniformity of the functional 
group distribution is desired. We have observed that clustering of the silanes is promoted by 
the presence of water, leading to non-uniform distributions of the grafted amino groups with 
higher concentrations at the pore entrances. The accumulation of functional groups at the pore 
entrances in combination with cross-linking of the silanes eventually causes pore blocking. As 
a consequence, the central part of the channels (the pore body) becomes inaccessible.
[11]
 
Particularly in the case of amino-functionalized silanes, it is reasonable to assume that polar 
solvents lead to increased mobility of the molecules on the mesoporous silica surface. This 
concept can for example be applied to control the site isolation of amino groups on 
mesoporous silica.
[9,17]
 Using the deposition of APTMEES on ASNCs, we have investigated 
the influence of solvent polarity on the functional group distribution. The uniformity of the 
pore surface functionalization was found to increase with increasing solvent polarity. 
Interestingly, grafting of APTMEES from non-polar solvents led to external surface 
functionalization accompanied by an accumulation of functional groups on the pore surface 
close to the pore entrances. This feature is of particular interest for the installation of pore 
entrance gates. 
 
4. Conclusions 
For many applications of mesoporous silica, a controlled functional group placement is 
crucial. The functionalization of specific regions of the mesoporous silica surface (external 
surface, pore surface, pore entrances) forms an integral part of the concept of using these 
materials as drug delivery devices, sensors, or advanced adsorbents. CLSM is an ideal method 
to analyze the spatial distribution of functional groups on mesoporous silica and has allowed 
us to devise procedures for grafting to surface subsections or for producing functional group 
gradients. Considering the variety of pore and particle sizes in the mesopore range, it is 
obvious that the development of generally applicable methods for the selective 
functionalization of mesoporous silica surfaces remains a challenge. This is particularly true 
for mesoporous nanoparticles, where the differences in the accessibility of pore surface vs. 
external surface can become negligibly small. 
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Abstract 
The effect of water on the reaction of 3-aminopropyltriethoxysilane (APTES) with 
mesoporous silica is investigated on two model systems. A MCM-41 type material with a 
well-defined pore size is used to investigate changes in the pore size distribution upon 
reaction with APTES in toluene containing various amounts of water. It is found that with 
increasing amount of water, clustering of APTES occurs, leading to a non-uniform 
distribution of the grafted amino groups and a scarcely functionalized pore body. A second 
model system with defined particle morphology and one-dimensional channels is employed to 
visualize the distribution of the grafted amino groups by fluorescent labeling and confocal 
laser scanning microscopy. The combination of nitrogen sorption and confocal laser scanning 
microscopy provides valuable insights concerning the role of trace water in the 
functionalization of mesoporous silica with alkoxysilanes. 
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Postsynthetic functionalization by grafting 
of substituted trialkoxysilanes is one of the 
most popular methods for the modification 
of mesoporous silica. Aminopropylalkoxy-
silanes are frequently employed for this 
purpose, allowing subsequent reaction with 
a variety of functional groups, such as 
isothiocyanate or sulfonyl chloride. 
Amino-functionalized mesoporous silicas 
have further been investigated in terms of 
their potential applications in drug 
delivery,
1
 catalysis,
2-6
 and adsorption.
7,8 
The identification of the parameters that 
control the distribution of the grafted 
amino groups has been the topic of recent 
publications. It has been shown that the 
polarity of the solvent used in the reaction 
of aminoalkyl-substituted alkoxysilanes 
with mesoporous silica has a pronounced 
influence on the distribution of the surface-
anchored amino groups.
2,9
 Water has been 
identified as one of the most important 
parameters in the reaction of trialkoxy-
silanes with silica surfaces. Excellent work 
has been carried out to identify possible 
binding modes of 3-aminopropyltriethoxy-
silane (APTES) on silica gel in dependence 
of surface water, leading to the conclusion 
that polymerization of APTES takes place 
on the silica surface after adsorption of the 
silane molecules.
10,11
 In the case of 
mesoporous silica, one can assume that the 
polymerization of APTES on the pore 
surface affects the diffusion of further 
silane molecules and therefore determines 
the final distribution of the grafted 
functional groups. 
Acquiring information on the distribution 
of functional groups on mesoporous silica 
is challenging and generally requires a 
comparative investigation of the nitrogen 
sorption isotherms.
12,13
 Inspired by results 
obtained from the analysis of the spatial 
distribution of fluorescent guests in 
zeolites,
14,15
 we have combined the nitro-
gen sorption based analysis with confocal 
laser scanning microscopy (CLSM). 
The investigation of the functional group 
distribution by means of nitrogen sorption 
requires a starting material with a pore size 
distribution that is as narrow as possible, 
allowing the identification of subtle 
differences in the sorption isotherms upon 
functionalization. Our MCM-41 sample 
fulfils this condition and we have 
previously used this type of material for 
the study of functional group 
distributions.
12
 However, the morphology 
of this particular MCM-41 sample is 
irregular and therefore not suitable for 
CLSM, which requires relatively large 
particles of defined morphology. Hexa-
gonal particles (arrays of silica nano-
channels, ASNCs)
16
 are ideal for this 
purpose (Figure 1, Table 1). 
 
Figure 1. Pore size distributions of MCM-41 
(crosses) and ASNCs (circles). The inset shows a 
scanning electron microscopy image of ASNCs. 
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Table 1. Structural properties of the parent 
materials. 
sample dNLDFT
a 
[nm] 
SBET
b 
[m
2
/g] 
SExt
c 
[m
2
/g] 
Vtot
d 
[cm
3
/g] 
MCM-41 4.1 1014 78 0.86 
ASNCs 2.9 1120 37 0.62 
a
 pore diameter calculated by NLDFT 
b
 total BET surface area 
c
 external particle surface area 
d
 total pore volume 
 
Starting from calcined MCM-41, we have 
prepared amino-functionalized samples by 
grafting APTES in toluene containing 
different amounts of water (Table 2). 
Amounts of water corresponding to 0.5, 1, 
and 2 theoretical monolayer(s) were used, 
taking into account that one water 
molecule occupies 0.106 nm
2
 in an 
adsorbed monolayer.
17
 A comparison of 
the pore size distribution and the amino 
group content of the products provides 
insight into the effect of water on the 
grafting behavior. While the amount of 
grafted amino groups is largely 
independent of the amount of water in the 
reaction mixture, the pore size distribution 
is clearly affected (Figure 2). As expected, 
the sample prepared in dry toluene, M-0, 
features a narrow and symmetrical pore 
size distribution. Samples prepared with 
additional water, on the other hand, feature 
an increasing contribution of larger pores, 
suggesting a less uniform distribution of 
the amino groups. 
 
Figure 2. Pore size distributions of M-0 (crosses), 
M-0.5 (dashed line), M-1 (empty circles), and M-2 
(full circles). The pore diameter is given relative to 
the maximum of the pore size distribution of the 
unmodified material. 
Table 2. Amino-functionalized materials. 
sample silica APTES [mmol/g] H2O [monolayer] -NH2
a 
[mmol/g]
 
FITC
b
[mmol/g]
 
M-0 MCM-41 0.40 0 0.36 - 
M-0.5 MCM-41 0.40 0.5 0.36 - 
M-1 MCM-41 0.40 1 0.35 - 
M-2 MCM-41 0.40 2 0.34 - 
A-0 ASNCs 0.40 0 0.36 0.11 
A-1 ASNCs 0.40 1 0.37 0.11 
A-2 ASNCs 0.40 2 0.36 0.08 
A-0.1-2 ASNCs 0.10 2 0.10 0.02 
a
 experimentally determined amount of grafted 
amino groups 
 b
experimentally determined amount of coupled 
FITC 
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From studies of the reaction of APTES with 
silica gel it is known that surface water 
promotes the interaction of the amino groups 
with the surface, partially by proton transfer 
from the surface silanols to the amino moieties 
and subsequent electrostatic interaction.
18
 The 
resulting orientation of the amino groups 
towards the silica surface provides accessible 
triethoxysilyl moieties for cross-linking, 
ultimately leading to the formation of clusters. 
The presence of such clusters can render pores 
partially inaccessible for additional APTES 
molecules, thus resulting in a non-uniform 
distribution of the grafted amino groups. It 
should be noted that despite APTES clustering, 
the pores are still accessible for nitrogen 
molecules, leading to the detection of larger 
pores in materials functionalized in the 
presence of water. Pore volumes of the amino-
functionalized materials were found to be 
largely independent of the presence of water in 
the reaction mixture. This is in agreement with 
the almost equal amounts of surface-anchored 
amino groups in the functionalized MCM-41 
samples (Table 2). 
The distribution of amino groups on 
mesoporous silica can be imaged by CLSM 
after fluorescent labeling, provided that the 
particles are large and of well defined 
morphology.
9
 ASNCs are ideal for this 
purpose. The pore openings of the ASNCs are 
located at the hexagonal bases and the 
channels run parallel to the long axis of the 
particles.
19 
Figure 3 shows CLSM images of 
APTES-functionalized ASNCs after labeling 
with fluorescein isothiocyanate (FITC). 
Particles functionalized in the presence of an 
amount of water equivalent to one monolayer 
show only minor differences compared to 
particles prepared under dry conditions. 
Despite the fact that particles with spatially 
non-uniform luminescence can be found (e.g. 
particle #3 of A-1, Figure 3), clustering of 
APTES is obviously not sufficiently severe to 
cause inhomogeneities that are detectable with 
our CLSM setup. However, increasing the 
amount of water to two monolayers clearly 
causes an accumulation of labeled amino 
groups at the pore entrances. We can conclude 
that in this case, clustering of APTES in the 
channels leads to pore blocking. It should be 
noted that based on the CLSM images of A-2, 
we cannot exclude the presence of amino 
groups in the center of the channels, as they 
might have been rendered inaccessible for 
FITC labeling. However, taking into 
consideration the results of the analysis by 
nitrogen sorption, there is evidence for a 
pronounced gradient of the density of grafted 
amino groups, with higher density at the 
channel entrances and scarcely functionalized 
channel centers. The observation that A-2 
binds less FITC than A-1 and A-0 (Table 2) 
can be explained by the presence of closely 
spaced amino groups and partial pore blocking 
in A-2. 
 
Figure 3. CLSM images of ASNCs after 
functionalization with APTES in toluene under dry 
conditions (A-0), and in the presence of water 
equivalent to one (A-1) or two (A-2) monolayers. 
Sample A-0.1-2 was prepared in the presence of an 
amount of water equivalent to two monolayers, but 
with a four times lower amino content. Three 
particles are shown for each reaction condition. 
Optical slices in the center of the particles were 
selected. The length of the particles is approxi-
mately 5 µm. 
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An interesting question that needs to be 
considered is whether water adsorbed in 
the channels could hinder the penetration 
of APTES. Assuming that this would be 
the case, we would expect to see a non-
uniform distribution of labeled amino 
groups even for low amino contents. 
However, Figure 3 (sample A-0.1-2) 
shows that a reduction of the amino 
content leads to an uniform distribution of 
the coupled FITC labels, even in the 
presence of water. In fact, it seems that at 
this low APTES concentration, clusters 
cannot grow large enough to significantly 
affect the diffusion of FITC through the 
channels. 
Based on the CLSM images given for 
samples A-0, A-1, and A-2, one could 
further speculate that an increased 
reactivity of APTES in the presence of 
water leads to preferential grafting to the 
most accessible sites, namely those on the 
external particle surface and on the pore 
surface close to the channel entrances. 
Such a hypothesis is largely based on the 
observation that the silanol groups of the 
hydrolyzed silanes react faster with the 
silica surface than the alkoxysilane 
groups.
20,21
 Considering the uniform 
functional group distribution obtained for 
sample A-0.1-2, we can, however, exclude 
this possibility. 
The combination of nitrogen sorption and 
CLSM imaging for the analysis of 
fluorescence-labeled functionalized meso-
porous silica provides insights into the 
parameters that govern the distribution of 
the grafted functional groups. While we 
have focused on the role of water in the 
deposition of APTES from toluene, a 
variety of further parameters, such as 
solvent polarity, temperature, or the 
presence of co-adsorbed species other than 
water, can be thought of in terms of their 
influence on the grafting process. From the 
present study, we can conclude that 
clustering of APTES in mesopores is 
promoted by the presence of water and 
eventually leads to pore blocking and non-
uniform distributions of functional groups 
with higher grafting densities at the pore 
entrances. Clustering of organosilanes on 
the pore surface close to the pore openings 
is a process that is not desirable for most 
applications of functionalized mesoporous 
silica. There are, however, instances where 
a high local concentration of cross-linked 
organosilanes at the pore entrances might 
in fact be useful. mesoporous silica based 
drug delivery devices often require the 
functionalization of the pore entrances to 
install a gating mechanism.
22-24
 Having 
multiple, closely spaced anchoring points 
with some degree of vertical 
polymerization might facilitate the stable 
attachment of the gatekeepers. 
 
Experimental Methods 
MCM-41 was synthesized as described in 
reference 12. Arrays of silica nanochannels 
(ASNCs) were prepared according to a 
method reported by Kievsky and 
Sokolov.
16
 Samples were stored at 80 °C 
after calcination. Postsynthetic modify-
cation was performed as follows: Calcined 
mesoporous silica was dispersed in dry 
toluene (containing less than 0.005 % of 
H2O, Fluka, puriss., absolute, stored over 
molecular sieve). After a few seconds of 
ultrasonication, a calculated amount of de-
ionized H2O was added and the suspen-
sion was again briefly ultrasonicated be-
fore being stirred for 1 h at room tempera-
ture. Finally, 0.10 or 0.40 mmol of 3 ami-
nopropyltriethoxysilane (APTES, Fluka, 
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≥ 98.0 %) per gram of silica was added, 
and the mixture was stirred for 3 h at 
80 °C. The product was recovered by 
filtration, washed with ethanol, and dried 
in a vacuum. Labeling with fluorescein 5-
isothiocyanate (FITC, Fluka, ≥ 97.5 %) 
was carried out according to reference 12, 
with a coupling time of 24 h at room 
temperature (in absolute ethanol). 
The amount of surface-grafted amino 
groups was analyzed by the fluorogenic 
derivatization reaction with fluores-
camine.
25
 In the investigated range of 
amino contents, the average relative error 
of this analysis method is typically below 
10 %.
13
 The amount of coupled fluorescein 
was determined by dissolving the sample 
in a 0.2 M aqueous solution of NaOH and 
measuring the UV-vis absorption spectrum 
of the resulting clear solution. An 
extinction coefficient of 75000 M
-1
cm
-1
 (at 
λmax = 490 nm) was used for the calcul-
ations.
13
 Nitrogen sorption isotherms were 
collected at 77 K using a Quantachrome 
NOVA 2200. Samples were vacuum-
degassed at 80 °C for 3 h. The total surface 
area SBET was obtained using the standard 
BET method for adsorption data in a 
relative pressure range from 0.05 to 0.20.
26
 
The total pore volume Vtot was calculated 
from the amount of nitrogen adsorbed at a 
relative pressure of 0.95. The external 
surface area SExt was determined from the 
linear part of the αS-plot (αS > 1).
27
 
Mesopore size distributions of the 
functionalized samples were evaluated 
from the desorption branches of the 
nitrogen isotherms by means of the BJH 
method.
28
 All MCM-41 samples exhibited 
type IV isotherms, and condensation in the 
primary mesopores was not accompanied 
by hysteresis. The average pore diameter 
and pore size distribution of the parent 
materials was calculated from the 
respective adsorption isotherms by means 
of a NLDFT model developed for silica 
exhibiting cylindrical pore geometry 
(NOVAWin2 software, Version 2.2, 
Quantachrome Instruments).
29
 Scanning 
electron microscopy images were acquired 
on a JEOL JSM-6060. The CLSM setup 
consisted of a Olympus BX 60 microscope 
with a FluoView confocal unit. The FITC-
labeled samples were excited at 488 nm. 
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Abstract 
Aminopropylalkoxysilanes are frequently used for the functionalization of mesoporous silica. 
The analysis of amino group distributions on arrays of silica nanochannels by a combination 
of nitrogen sorption and confocal laser scanning microscopy provides valuable insight into the 
mechanisms underlying the interaction of these silanes with mesoporous silica surfaces. 
Tendencies towards external surface functionalization, non-uniform distribution in the pores, 
and hydrolysis of the silica framework are shown to depend to a large extent on the mobility 
of the aminopropylalkoxysilane molecules, which can be adjusted by the number and type of 
alkoxy groups. 
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1. Introduction 
In the early 1990s, the synthesis of highly ordered mesoporous silica was first reported [1-3]. 
The following years saw further development towards providing a wide range of pore sizes 
and morphologies. Progress has been remarkable, leading to a rich palette of structure-
directing agents (SDAs) and synthetic pathways [4,5]. The number of scientific publications 
on the topic of mesoporous silica literally exploded, mainly due to potential applications of 
these materials in fields as diverse as drug delivery [6,7] and catalysis [8]. Many of these 
applications require functionalization of the mesoporous silica, which is often conducted 
postsynthetically, for example by reaction with an alkoxysilane. In this context, interesting 
questions concerning the location of the functional groups on the mesoporous silica surface 
arise [9-11]. 
To investigate the parameters that affect the distribution of functional groups on mesoporous 
silica, we have been focusing on aminopropylalkoxysilanes, as they are among the most 
frequently employed reagents for the modification of mesoporous silica. Once the amines are 
anchored, a further moiety can be coupled by means of amine-reactive derivatives. This 
concept is especially useful for the visualization of functional group distributions by confocal 
laser scanning microscopy (CLSM), as it opens possibilities for fluorescent labeling [12-14]. 
Arrays of silica nanochannels (ASNCs) [15] fulfill the conditions required for the analysis of 
functional group distributions by CLSM and by nitrogen sorption, as the large, regularly 
shaped particles feature a comparatively narrow pore size distribution. The combined analysis 
by CLSM (single particle) and nitrogen sorption (ensemble) is particularly instructive 
concerning the interpretation of changes in pore size and pore volume upon surface 
functionalization. Not less importantly, it shows that an exclusive characterization by one of 
these two methods might lead to conclusions that are misleading. 
2. Results and Discussion 
ASNCs are hexagonally shaped fibers, each consisting of approximately 200'000 parallel 
nanochannels that run along the entire length of the particles [16]. As a consequence, the 
mesopore structure of ASNCs can be considered as a set of open-ended, non-intersecting 
cylinders. Calculation of the pore diameter from the adsorption isotherm by means of the BJH 
method [17] gives an average value of 2.02 nm. Whereas the standard BJH analysis is known 
to underestimate the pore size [18], a more reliable value of 3.06 nm is obtained by employing 
a non-local density functional theory (NLDFT) model (Figure 1) [19]. As the NLDFT kernel 
is not strictly valid for organo-functionalized silica surfaces, BJH was used to investigate the 
relative pore size changes upon grafting of the aminopropylalkoxysilanes. It should be noted 
that the structural properties of ASNCs (BET surface area, pore volume, pore diameter) show 
slight variation from batch to batch. For comparative studies such as the present one, it is 
therefore crucial to perform experiments with the same parent material. 
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Figure 1. Pore size distributions of ASNCs calculated from the nitrogen adsorption isotherm by BJH (●) and 
NLDFT (○). The inset shows a SEM image of calcined ASNCs. 
We have compared the grafting behavior of various aminopropylalkoxysilanes (Figure 2) by 
depositing an identical molar amount of each silane onto ASNCs from toluene at room 
temperature. The samples were labeled with fluorescein isothiocyanate (FITC) and imaged by 
CLSM. Structural properties of the materials are given in Table 1. CLSM images of the FITC-
labeled materials along with the pore size distributions of the amino-functionalized samples 
are shown in Figure 3. In all experiments, the grafting behavior of APDIPES was found to be 
very similar to that of APDMMS. For brevity, only the results for APDMMS are shown. 
 
Figure 2. Structures and abbreviations of the employed aminopropylalkoxysilanes: 3-aminopropyldimethyl-
methoxysilane (APDMMS), 3-aminopropyldiisopropylethoxysilane (APDIPES), 3-aminopropyltriethoxysilane 
(APTES), and 3-aminopropyltris(methoxyethoxyethoxy)silane (APTMEES). 
 
 
 
 
Table 1. BET surface area (SBET) and pore volume (Vtot) of parent and amino-functionalized ASNCs 
 SBET [m
2
/g] Vtot [cm
3
/g] 
parent 1170 0.72 
APDMMS 865
 
0.44 
APTES 987 0.61 
APTMEES 1115 0.69 
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Figure 3. Representative CLSM images (after FITC labeling) of ASNCs functionalized with different 
aminopropylalkoxysilanes and the pore size distributions of the respective amino-functionalized materials 
relative to the pore diameter of the parent material: APTMEES (red), APTES (green), and APDMMS (black). 
The length of the particles in the CLSM images is in the order of 5 µm. Two particles are shown for each silane. 
Optical slices in the center of the particles were selected. 
Deposition of APTMEES causes only a minor decrease of the pore volume, pore diameter, 
and BET surface area (Table 1, Figure 3). This is commonly interpreted as being a 
consequence of external surface functionalization. Indeed, CLSM images of the fluorescent-
labeled samples confirm this interpretation and are in agreement with previously reported 
results [12]. 
In the case of APTES, pore volume and BET surface area are significantly reduced upon 
deposition, suggesting derivatization of the pore surface. The corresponding CLSM images 
support this conclusion by showing fluorescence over the entire length of the particles. It is 
interesting to note that the maximum of the pore size distribution of the APTES-
functionalized sample remains at a pore size value similar to that of the parent material. This 
typically indicates a non-uniform distribution of the grafted moieties in the pores, with the 
pore body having a lower functionalization degree than the pore surface close to the pore 
entrances. For APTES, however, this effect does not seem to be pronounced enough to 
become visible in the CLSM images. 
To our surprise, deposition of APDMMS strongly reduced the BET surface area, pore 
volume, and pore diameter. This could be interpreted as a homogeneous distribution of the 
grafted amino groups over the entire pore surface. While such an assumption is supported by 
the corresponding CLSM images, as well as by the fact that monoalkoxysilanes are known to 
produce more uniform distributions than trialkoxysilanes [20], the effect is rather large for the 
comparatively low grafting densities investigated in this work. Fluorescamine analysis yielded 
an amino content of 50 µmol/g after deposition of APDMMS. This corresponds roughly to 
1200 amino groups per nanochannel or 0.025 amino groups per nm
2
. 
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To gain insight into the mechanisms leading to the pronounced pore size reduction observed 
for APDMMS, we conducted blind experiments by replacing APDMMS with n-hexylamine. 
This allowed us to focus on possible effects of the amino group in the absence of covalent 
bond formation. As expected, the final product only contained negligible amounts of amino 
groups (less than 2 µmol/g) after washing with ethanol and 0.4 M aqueous HCl to remove the 
electrostatically adsorbed n-hexylamine molecules. Surprisingly, despite being a non-
functionalized product, the pore size distribution after removal of n-hexylamine is shifted 
towards smaller pore size (Figure 4), indicating a partial hydrolysis of the silica framework. 
The fact that this effect was only observed for n-hexylamine, APDIPES, and APDMMS, 
points to the important role of the mobility of the respective amine. Our samples most likely 
contained a certain amount of trace water. When depositing silanes from solution, trace water 
is generally difficult to eliminate, as silica behaves as an efficient drying agent, adsorbing 
even minute quantities of water [21]. Under our conditions used for grafting, we can expect 
these adsorbed water molecules to be immobile and localized [22,23]. Hydrolysis of the silica 
framework is therefore only promoted if the amine is sufficiently mobile. APTMEES 
molecules react with silanol groups on the external surface and are quickly immobilized, 
leaving the mesoporous silica framework intact. From this set of experiments we can 
conclude that the high mobility of APDMMS and APDIPES leads to uniform distributions of 
grafted amino groups, but also causes partial hydrolysis of the silica framework. 
Figure 4. Nitrogen adsorption isotherms (left) and corresponding pore size distributions (right) of ASNCs before 
(black) and after deposition and removal of n-hexylamine (red). 
3. Experimental Section 
3.1. Arrays of Silica Nanochannels 
ASNCs were synthesized according to a published procedure [15]. However, as our 
comparative studies require larger batches of starting material, the procedure was upscaled by 
a factor of 3. Briefly, an amount of 14.55 g of hexadecyltrimethylammonium chloride (Acros, 
99 %) was dissolved in 228 ml of double distilled H2O and 180 ml of 32 % aqueous HCl by 
stirring for 1 min at ca. 1000 rpm in a polypropylene beaker. The solution was subsequently 
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cooled to 0 °C for 15 min without stirring, followed by the slow addition of 6 ml of cold 
tetraethoxysilane (Aldrich, 99.999 %) and further stirring for 30 s. The resulting mixture was 
kept at 0 °C under quiescent conditions for 3 h. The product was collected by filtration and 
washed with H2O. The SDA was removed by first heating at 300 °C for 2 h and calcining at 
550 °C for 12 h. Heating rates of 2 °C/min were applied. 
3.2. Functionalization 
Reactions of aminopropylalkoxysilanes with ASNCs were conducted by dispersing 200 mg of 
ASNCs in 10 ml of dry toluene and subsequently adding 20 µmol of the respective silane. 
After the mixture had been stirred for 10 min at room temperature, the functionalized ASNCs 
were recovered by filtration and cured in an oven at 80 °C for 16 h. 
3.3. Characterization 
Labeling with fluorescein 5-isothiocyanate (FITC, Fluka, ≥ 97.5 %) was carried out according 
to reference 20, with a coupling time of 24 h at room temperature (in absolute ethanol). The 
amount of surface-grafted amino groups was analyzed by the fluorogenic derivatization 
reaction with fluorescamine [24]. Nitrogen sorption isotherms were collected at 77 K using a 
Quantachrome NOVA 2200. Samples were vacuum-degassed at 80 °C for 3 h. The total 
surface area SBET was obtained using the standard BET method for adsorption data in a 
relative pressure range from 0.05 to 0.10 [25]. The total pore volume Vtot was calculated from 
the amount of nitrogen adsorbed at a relative pressure of 0.95. The relative changes of the 
mesopore size distributions upon functionalization were evaluated by analyzing the 
adsorption isotherms by means of the BJH model [17]. A NLDFT model developed for silica 
exhibiting cylindrical pore geometry (NOVAWin2 software, Version 2.2, Quantachrome 
Instruments) was employed to characterize the parent materials [19]. Scanning electron 
microscopy images were acquired on a JEOL JSM-6060. The CLSM setup consisted of a 
Olympus BX 60 microscope with a FluoView confocal unit. The FITC-labeled samples were 
excited at 488 nm. Optical slices in the center of the particles were selected. 
4. Conclusions 
The characterization of porous materials by nitrogen sorption is a standard technique to obtain 
information on BET surface area, pore volume, and pore diameter. When investigating the 
outcome of grafting reactions, the interpretation of the respective data in terms of the location 
of the grafted moieties is often difficult and results tend to be ambiguous. We have shown that 
complementing nitrogen sorption with CLSM imaging greatly facilitates the interpretation of 
pore structure data. The combination of nitrogen sorption and CLSM paints a comprehensive 
picture of the distribution of the amino groups on ASNCs after functionalization with various 
aminopropylalkoxysilanes. Tendencies towards external surface functionalization, non-
uniform distribution in the pores, and hydrolysis of the silica framework can be identified and 
were shown to depend to a large extent on the mobility of the respective 
aminopropylalkoxysilane molecules. 
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Abstract 
 
The synthesis of a new subphthalocyanine is reported. Its structural and photophysical 
properties are ideal for probing the accessibility of arrays of silica nanochannels. 
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Subphthalocyanines
1
 (SubPcs) are lower 
homologues of phthalocyanines,
2
 com-
prising a 14-π electron non-planar aro-
matic macrocycle made of three 
diiminoisoindole units N-fused around a 
central boron atom.
3
 Unlike the related 
planar phthalocyanines, SubPcs possess a 
peculiar conical structure which provides 
them with relatively high solubility and 
low tendency to aggregate. SubPcs 
exhibit a number of unique properties, 
which allow a wide range of applications 
in fields such as nonlinear optics,
4
 
LEDs,
5
 photovoltaics,
6
 photodynamic 
therapy,
7
 supramolecular chemistry,
8
 as 
well as in photosynthetic models for 
studying energy- and electron-transfer 
processes.
9
 SubPcs have also been 
employed as intermediates in the syn-
thesis of unsymmetrically substituted 
phthalocyanines through a ring expansion 
reaction.
10
 
Mesoporous silica with ordered pores
11
 
has become a versatile host material in 
various fields, including drug delivery
12
 
and catalysis.
13
 These applications 
typically require functionalization of the 
mesoporous silica, giving rise to 
questions concerning the accessibility of 
the pores and the location of the 
functional groups.
14
 The use of fluores-
cent probes and confocal laser scanning 
microscopy (CLSM) offers options for 
finding answers to these questions.
15
 
Arrays of silica nanochannels (ASNCs) 
have proven to be an ideal material for 
this purpose. ASNCs are hexagonally 
shaped fibers, each consisting of 
approximately 200'000 channels that run 
along the entire length of the particles.
16
 
Pore sizes of mesoporous materials are 
traditionally determined from nitrogen 
sorption data, often by means of the BJH 
method.
17
 However, a pore size 
distribution does not necessarily provide 
unambiguous information about the 
accessibility of the pores.
18
 The adsorp-
tion of SubPcs in combination with 
CLSM imaging allows us to draw a 
correlation between the pore size 
distribution and the effective accessi-
bility. We show that the frequently used 
evaulation of pore sizes by the BJH 
method fails to provide useful data on the 
pore accessibility. 
SubPc 1 (Scheme 1) was prepared in an 
overall yield of 21% by cyclotrimeri-
zation of 4,5-di-(p-tert-butylphenoxy)-
phthalonitrile
19
 3 in the presence of one 
equivalent of BCl3, followed by 
substitution of the axial chlorine atom by 
1,1':4',1''-terphenyl-4-ol 2 in toluene.
20
 
1,1':4',1''-terphenyl-4-ol 2 was obtained 
in 55% yield by Suzuki cross-coupling 
reaction between 4-bromo-(1,1'-
biphenyl)-4'-ol and phenylboronic acid in 
the presence of tetrakis(triphenylphos-
phine) palladium(0) as catalyst in DME 
adapting a previously published proce-
dure.
21
 To test the ability of SubPcs to 
discern pore sizes, we have synthesized 
ASNCs with different pore size 
distributions. We found the well-defined 
morphology of the ASNCs to be 
extremely sensitive to changes in the 
synthesis conditions and therefore 
decided to investigate possibilities for a 
postsynthetic pore size adjustment. 
Indeed, physisorption of dodecamethyl-
pentasiloxane and subsequent calcination 
gave ASNCs with reduced pore sizes 
(Table 1) but still reasonably narrow pore 
size distributions (Fig. 1). 
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Table 1. Structural properties of ASNCs. 
 
 dDFT
a
 
[nm] 
Vtot
b
 
[cm
3
/g] 
VP
c
 
[cm
3
/g] 
VP(DFT)
d
 
[cm
3
/g] 
S-
ASNCs 
< 2.0 0.24 0.23 0.23 
M-
ASNCs 
2.6 0.57 0.52 0.54 
L-
ASNCs 
3.2 0.75 0.70 0.71 
a
 Average pore diameter determined by 
NLDFT. 
b
 Total pore volume. 
c
 Primary mesopore volume determined by the 
αS-plot method. 
d
 Primary mesopore volume 
determined by NLDFT. 
 
Physisorption of SubPc 1 on large pore 
ASNCs (L-ASNCs) gave a uniform 
distribution throughout the L-ASNCs 
(Fig. 1). This is in agreement with an 
assessment of the size of SubPc 1, 
resulting in a critical pore diameter of 
2.8 nm. The pore size distribution, 
calculated by a NLDFT (non-local 
density functional theory) model,
22
 of L-
ASNCs is positioned almost entirely at 
values larger than 2.8 nm. The average 
pore diameter of medium pore ASNCs 
(M-ASNCs) is 2.6 nm. Intuitively, one 
would therefore expect that SubPc 1 
cannot enter the pores. CLSM images of 
the SubPc 1 distribution show that this is 
only partially true. Luminescence can be 
observed towards the center of the 
channels. According to the pore size 
distribution of M-ASNCs, there is a 
considerable fraction of pores with sizes 
larger than 2.8 nm, enabling SubPc 1 to 
access the pore body. Complete 
exclusion of SubPc 1 is only achieved if 
the entire pore size distribution is located 
in a range below the critical diameter of 
2.8 nm. This is the case for small pore 
ASNCs (S-ASNCs). It is interesting to 
note that there seems to be an 
accumulation of SubPc 1 at the channel 
entrances of S-ASNCs as opposed to a 
uniform coverage of the external particle 
surface. We have also conducted 
reference experiments with the smaller 
SubPc 4 (Fig. 2).
23
 In this case, the 
critical pore diameter for inclusion into 
the nanochannels is 1.2 nm. 
 
Scheme 1. Synthesis of SubPc 1. 
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Fig. 1. Top left: Estimation of the critical pore size for the inclusion of SubPc 1 in ASNCs. Top right: Pore size 
distributions of L-ASNCs (×, green), M-ASNCs (○, blue), and S-ASNCs (●, black) calculated from the nitrogen 
adsorption isotherms by a NLDFT model. The pore size distribution represented by the dashed green line has 
been calculated by the classical BJH method using the adsorption isotherm of L-ASNCs. Bottom: CLSM images 
of ASNCs after deposition of SubPc 1. The outermost right image of each group (shown in a white frame) was 
obtained after deposition of SubPc 4. Optical slices in the center of the particles were selected. The length of the 
particles is approximately 5 µm. 
 
Contrary to the pore size distribution 
calculated by NLDFT, the pore size 
distribution of L-ASNCs determined by 
the classical BJH method indicates the 
presence of pores exclusively smaller 
than 2.8 nm (Fig. 1), which would 
suggest a complete exclusion of SubPc 1. 
This is a clear proof that the BJH method 
strongly underestimates the pore size of 
ASNCs. The NLDFT model, on the other 
hand, adequately describes the accessi-
bility of the pores. 
We have functionalized the external 
surface of L-ASNCs by reaction with 3-
aminopropyltris(methoxyethoxyethoxy)-
silane (APTMEES) according to the 
method proposed by Gartmann and 
Brühwiler.
15
 Subsequent labeling with 
fluorescein isothiocyanate (FITC) and 
CLSM imaging reveals that the labeled 
amino groups are indeed accumulated on 
the external particle surface. Fig. 2A 
shows that despite the presence of the 
FITC-labeled amino groups, the pores 
remain sufficiently accessible to allow 
the inclusion of SubPc 1. An external 
surface area of 53 m
2
/g was determined 
for L-ASNCs. Even in the event of 
quantitative grafting onto the external 
surface, the density of amino groups 
would remain in a reasonable range, i.e., 
close to one group per nm
2
, in the case of 
100 µmol of APTMEES per gram of L-
ASNCs. Increasing the amount of 
APTMEES by a factor of 5, on the other 
hand, would produce a hypothetical 
density of more than 5 amino groups 
per nm
2
. It can be assumed that in this 
case, a considerable amount of amino 
groups is located on the pore surface 
close to the pore entrances, leading to 
pore blocking. CLSM images reveal that 
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the distribution of SubPc 1 on such 
highly loaded particles indeed tends to be 
non-uniform (Fig. 2B) with an 
accumulation of SubPc 1 at the pore 
entrances. However, the pores are 
apparently still large enough to enable 
penetration of SubPc 4 (Fig. 2C).  
 
 
Fig. 2. CLSM images of ASNCs after external surface 
functionalization with 100 µmol/g (A) or 
500 µmol/g (B and C) of APTMEES and labeling 
with FITC, followed by physisorption of SubPc 1 
(A and B) or SubPc 4 (C). The lower (green) 
images of each panel show the luminescence of 
the coupled FITC labels, whereas the upper (red) 
images were obtained upon excitation of the 
SubPc molecules at 543.5 nm. Optical slices in 
the center of the particles were selected. 
 
In summary, a new SubPc was 
synthesized and used in combination 
with CLSM to probe the accessibility of 
ASNCs. Comparing the results of these 
studies to predictions based on pore size 
distributions calculated from the nitrogen 
adsorption isotherms revealed that an 
analysis by a model based on NLDFT 
adequately describes the accessibility of 
the pores. The classical BJH treatment 
was found to draw a misleading picture 
of the accessibility by considerably 
underestimating the pore size. The SubPc 
probe was further employed to inves-
tigate the effect of surface-grafted func-
tional groups on the accessibility of the 
pores. The photophysical properties of 
the SubPc are compatible with those of 
the frequently used fluorescein labels, 
allowing independent imaging of the 
distribution of fluorescein-labeled func-
tional groups and of the distribution of 
physisorbed SubPc. 
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Electronic Supplementary Information 
1. Synthesis of SubPc 1 
General details. All chemicals were purchased from Aldrich and used without further 
purification. 4,5-tert-butylphenoxyphthalonitrile was prepared according to a published 
procedure.
1
 All reactions were followed by TLC employing aluminium sheets coated with 
silica gel 60 F254 (Merck). 
1,1':4',1''-terphenyl-4-ol (2). A suspension of 4-bromo-4'-hydroxybiphenyl (200 mg, 
0.8 mmol), phenylboronic acid (133 mg, 1.09 mmol), tetrakis(triphenylphosphine) 
palladium(0) (50 mg, 0.04 mmol) and Na2CO3 (2 ml of a 2 N aqueous solution) in 
dimethoxyethane (10 ml) was stirred under argon atmosphere overnight at 80 °C. The 
suspension was then cooled to room temperature and poured onto a 1 N NH4Cl solution 
(100 ml). The mixture was extracted with ethyl acetate (2×100 ml) and the combined organic 
extracts were washed with brine (20 ml), dried over Na2SO4 and evaporated in vacuo. The 
crude product was purified by recrystallization from ethanol to yield 108 mg (55%) of a white 
solid. IR (KBr): ν = 3387, 3033, 2360, 1608, 1509, 1454, 1402, 1373, 1263, 1002, 822 cm-1. 
1
H NMR (CDCl3, 300 MHz): 7.69 (d, J = 4 Hz, 6H), 7.53 (d, J = 9 Hz, 2H), 7.45 (t, J = 7 Hz, 
2H), 7.22 (t, J = 7 Hz, 1H), 6.93 (d, J = 9 Hz, 2H), 4.75 (s, 1H); MALDI-TOF-MS (ditranol): 
M/z: 246.1 [M
+
]. 
SubPc 1. In a 25 ml two-necked round-bottomed flask, equipped with a condenser, magnetic 
stirrer and rubber seal, BCl3 (0.38 ml, 1 M solution in p-xylene) was added to 4,5-di-(p-tert-
butylphenoxy)phthalonitrile (163 mg, 0.38 mmol) under argon atmosphere. The reaction 
mixture was refluxed at 150 °C for 2 h. After cooling down to room temperature the 
unreacted BCl3 and solvent were quickly removed in vacuo. 1,1':4',1''-terphenyl-4-ol (475 mg, 
1.92 mmol) and dry toluene (5 ml) were added to the crude mixture and stirring was 
continued at 100 °C for 3 h. The solvent was removed by vacuum distillation and the 
remaining dark solid was washed with a 4:1 mixture of methanol/water. The crude compound 
was purified by column chromatography on silica gel using a mixture of hexane/ethyl acetate 
(9:1) as eluent to give 40 mg (21%) of a reddish solid. IR (KBr): ν = 2922, 1735, 1603, 1508, 
1261, 1180, 1107 (B-O), 891 cm
-1
. 
1
H NMR (CDCI3, 300 MHz): 8.28 (s, 6H), 7.59-7.52 (m, 
4H), 7.45-7.37 (m, 17H), 7.12-7.05 (m, 12H), 7.0 (d, J = 9 Hz, 2H), 5.38 (d, J = 9 Hz, 2H), 
1.41-1.33 (m, 54H). UV/Vis (CHCI3): λmax [log ε (dm
3
mol
-1
cm
-1
)]: 573 (4.9), 518 (4.3), 357 
(4.5), 283 (5.0). HR-MALDI-TOF-MS (Matrix: DCTB) calc. for C102H97BN6O7 [M]
+
: M/z: 
1528.7522, found 1528.7498. 
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Figure S1. UV/Vis (solid) and photoluminescence spectrum (dashed) of SubPc 1 in CHCl3. 
 
2. Synthesis and Functionalization of Arrays of Silica Nanochannels (ASNCs) 
ASNCs were synthesized according to a published procedure.
2
 However, as our comparative 
studies require larger batches of starting material, the procedure was upscaled by a factor of 3. 
Briefly, an amount of 14.55 g of hexadecyltrimethylammonium chloride (Acros, 99%) was 
dissolved in 228 ml of double distilled H2O and 180 ml of 32% aqueous HCl by stirring for 
1 min at ca. 1000 rpm in a polypropylene beaker. The solution was cooled to 0 °C for 15 min 
without stirring, followed by the slow addition of 6 ml of cold tetraethoxysilane (Aldrich, 
99.999%) and further stirring for 30 s. The resulting mixture was kept at 0 °C under quiescent 
conditions for 3 h. The product was collected by filtration and washed with H2O. The 
structure-directing agent (SDA) was removed by first heating at 300 °C for 2 h and calcining 
at 550 °C for 12 h. Heating rates of 2 °C/min were applied. 
 
 
Figure S2. Scanning electron microscopy image of ASNCs. 
 
To reduce the pore size of the ASNCs, an amount of 100 mg of calcined ASNCs was 
dispersed in 10 ml of hexane. After adding 50 μL of dodecamethylpentasiloxane (Aldrich), 
the suspension was stirred for 1 h and afterwards left to evaporate. The dry sample was 
calcined according to the protocol described above for the removal of the SDA. The 
procedure can be repeated to obtain a stepwise reduction of the pore size. Due to a certain 
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degree of non-uniformity of the dodecamethylpentasiloxane distribution in the channels, the 
width of the resulting pore size distribution increases upon pore size reduction. Reducing the 
pore size by the straight-forward approach of using a SDA with a shorter alkyl chain length 
was not successful, failing to produce particles with the well-defined morphology of ASNCs. 
The advantage of the postsynthetic modification with dodecamethylpentasiloxane is the 
conservation of the particle morphology, allowing comparative studies of the spatial 
distribution of molecules in the channels by means of CLSM. 
Functionalization of the external surface of ASNCs was carried out as follows:
3
 An amount of 
200 mg of calcined ASNCs was dispersed in dry toluene (10 ml) and 3-aminopropyltris-
(methoxyethoxyethoxy)silane (APTMEES, ABCR Karlsruhe) was added (20 µmol or 
100 µmol). After the mixture had been stirred for 10 min, the functionalized ASNCs were 
recovered by filtration and cured in an oven at 80 °C for 16 h. The amount of grafted amino 
groups was analyzed by the fluorogenic derivatization reaction with fluorescamine.
4
 In the 
investigated range of amino contents, the average relative error of this analysis method is 
below 10%.
5
 For the sample prepared with 20 µmol of APTMEES, the grafting yield was 
close to quantitative, in agreement with previous results.
3
 The sample prepared with 100 µmol 
of APTMEES had a grafting yield of 42%. The amino-functionalized ASNCs were labeled by 
stirring in absolute ethanol containing 1.5 equivalents (relative to the amount of APTMEES) 
of fluorescein 5-isothiocyanate (FITC, Fluka) for 24 h at room temperature. The labeled 
samples were washed with ethanol until the washing solution became colorless. 
Adsorption of SubPc 1 on ASNCs was accomplished as follows: An amount of 0.1 µmol of 
SubPc 1 was dissolved in 1.3 ml of hexane and added to 15 mg of ASNCs. After shaking the 
resulting suspension for 1 h, the solvent was left to evaporate under ambient conditions. 
Adsorption of SubPc 4 was conducted in the same manner, using dichloromethane instead of 
hexane as a solvent, due to the insolubility of SubPc 4 in hexane. 
3. Physical Measurements 
1
H NMR spectra were obtained using a Bruker Avance 300 spectrometer. UV/Vis spectra 
were recorded on a Hewlett-Packard 8453 and a Varian Cary 50 instrument. 
Photoluminescence spectra were measured on a Perkin-Elmer LS50B spectrofluorometer 
equipped with a red-sensitive photomultiplier (Hamamatsu R928). Infrared spectra were 
recorded on a Bruker Vector 22 employing solid samples (KBr pressed disks). MALDI-TOF 
mass spectrum was obtained in a Voyager-DE STR mass spectrometer. Nitrogen sorption 
isotherms were collected at 77 K using a Quantachrome NOVA 2200. Samples were vacuum-
degassed at 80 °C for 3 h. The total pore volume Vtot was calculated from the amount of 
nitrogen adsorbed at a relative pressure of 0.95. The primary mesopore volume VP and the 
external surface area were determined from the linear part of the αS-plot (αS > 1).
6
 A NLDFT 
model developed for silica exhibiting cylindrical pore geometry (NOVAWin2 software, 
Version 2.2, Quantachrome Instruments) was employed to calculate the pore size 
distributions.
7
 The adsorption isotherms were used for the calculations. Scanning electron 
microscopy images were acquired on a JEOL JSM-6060. The CLSM setup consisted of an 
Olympus BX 60 microscope with a FluoView confocal unit and lasers operating at 488 and 
543.5 nm. 
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1. Introduction 
There is a considerable scientific interest in the inclusion of porous silicates such as zeolites 
and mesoporous silica or of host-guest systems featuring the latter into polymeric structures. 
Because of the near matching of the refractive index of silicates and polymers like 
polymethylmethacrylate (PMMA, Plexiglas®), such structures remain optically transparent 
upon silicate inclusion. The advantages of host-guest systems featuring organic dyes inserted 
into porous silicates are; (i) the possibility to achieve high local dye concentrations without 
aggregation, (ii) protection of the organic dyes from environmental influences, thus enhancing 
their stability and (iii) the possibility to align the guests in a supramolecular arrangement
[1]
 
(Fig. 1). Polymer thin films containing organized host-guest systems of this kind can for 
example be used in light-management (light-harvesting and concentration), optically 
anisotropic layers and display technology. 
 
 
Fig. 1 Fluorescent microscopy image of Lumogen Yellow 083 integrated into zeolite L applying a polarizer in 
front of the detector (double arrow indicates the orientation of the polarizer). The electronic transition dipole 
moment of the dye is aligned parallel to the long-axis of the zeolite crystal. The length of the crystals is 
approximately 5 µm. 
An illustrative example for light-management processes featuring silicate-containing polymer 
thin films is luminescent solar concentrators (LSCs), or color changing media employing 
ZeoFRET®.
[2]
 Organic fluorescent dyes included in zeolite L allocate themselves in certain 
orientations, which then can lead to alignment of the electronic transition dipole moments and 
therefore to efficient Förster resonance energy transfer (FRET). In a system with at least two 
different luminescent guest molecules, FRET enhances the emission of the dye emitting at 
longer wavelength.
[3]
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This concept can be used in both LSCs and color changing media. In LSCs where the 
concentration of the emitting dye is kept much lower than the concentration of the absorbing 
dye, the strong red shift of the emitted light leads to avoidance of the self absorption 
problem.
[4]
 The same energy transfer concept can be applied in color changing media, e.g. in 
foils for greenhouses, where the conversion of green and yellow light to red light is desirable 
to enhance photosynthesis. 
To apply host-guest systems of porous silicates in display technology, electroluminescent 
molecules or polymers have to be inserted as guests and the channel openings have to be 
functionalized with conducting stopcocks.
[5]
 The system can then be used as light emitting 
diode in a thin film of conducting polymer. If the silicate particles are aligned properly, it 
would be possible to emit polarized light (Fig. 1) as is applied in 3D displays. 
Preliminary work of our group
[6]
 in this field revealed a so far unknown phenomenon. Upon 
the formation of zeolite containing polymer thin films, a patterned arrangement of the zeolite 
crystals in the polymer is found. The investigation of the formation mechanism of these 
patterns is very interesting because of their resemblance to patterns occurring in nature. The 
investigation of pattern formation of non-living materials is also applied to investigate the 
organization of cells
[7, 8]
, and to provide insight in the field of developmental biology
[9]
. 
Zeolite and mesoporous silica are ideal tools for this investigation, because they can be 
synthesized in different shapes and sizes
[10, 11]
 and labeled with fluorescent dyes for a facile 
analysis by fluorescence microscopy
[5]
. 
 
 
Fig. 2 Top
[11]
: Structure of zeolite L, view on the channel entrances (A), the structure (B) and dimensions (C) of 
a single channel. Bottom: Structures of oxonine (left), PMMA (middle) and pyronine (right).  
PART II  Patterns 
 
 
-87- 
 
Our work was mainly conducted with luminescent dyes embedded into the channels of zeolite 
L in a PMMA thin film. Zeolite L is a crystalline aluminosilicate featuring a system of 
parallel channels (Fig. 2 top). Oxonine and pyronine were used as luminescent guests for 
fluorescent microscopy imaging. For the experiments featuring mesoporous silica, fluorescein 
was used as a label. 
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2. Results and Discussion 
2.1 Preliminary Results 
Previous work in our group focused on pattern formation as a function of PMMA 
concentration, and wet film thickness (Fig 3).
[6]
 The preparation of the patterned samples is 
done as follows: A wet film of PMMA and zeolite L in CHCl3 is applied to a glass surface by 
doctor blading and the CHCl3 is removed afterwards by evaporation at room temperature 
without airstream. 
 
Fig. 3
[6]
 Patterns of oxonine-loaded zeolite L crystals in PMMA thin films imaged by fluorescence microscopy. 
The number in the lower left corner of each image indicates the PMMA concentration (in [wt%]) and the wet 
film thickness (in [μm]), respectively. 
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With an increase of the initial wet film thickness, the size of the zeolite aggregates in the 
patterns shows a linear increase (Fig. 4 left). At a constant wet film thickness, the size of the 
aggregates also increases slightly upon the increase of the polymer concentration (Fig. 4 
right). 
 
Fig. 4
[6]
 Left: Average size of aggregates of zeolite L crystals as a function of the initial wet film thickness for an 
initial polymer concentration of 10.2 wt% (●), 6.8 wt% (○), and 3.4 wt% (×). Right: Average size of aggregates 
of zeolite L crystals as a function of the initial polymer concentration for an initial wet film thickness of 200 µm 
(●), 150 µm (○), 100 µm (×), and 50 µm (♦). The uncertainty of the average values is typically ± 20 %. 
The identification of the mechanism of such a pattern formation is rather complicated, due to 
the non-equilibrium nature of the system. The formation of the patterns in the zeolite 
L/CHCl3/PMMA system is assumed to be principally driven by physical processes in an 
evaporating solution similar to the spatiotemporal dynamics of dewetting
[12]
. In such systems, 
the chemical nature of the involved components plays only a minor role in the formation of 
the patterns, as will be shown later.  
 
Fig. 5
[6]
 Pattern formation and feedback loops. The left panel illustrates schematically the solvent (blue) 
evaporation that leads to the formation of patterns of microparticles (red) in a polymer (green). The initial wet 
film thickness, t0, is an important parameter controlling the size and shape of the particle aggregates. The right 
panel shows the feedback loops involved in the pattern formation (activator = microparticles, substrate = 
solvent). Activating processes (a) and (c) are complemented by an inhibitory process (b).  
The pattern formation can be explained with the model of local self-activation and lateral 
inhibition,
[13-15]
 featuring a short-range positive feedback coupled to a long-range negative 
feedback.  
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In the system at hand the positive feedback arises based on the fact that the evaporation of 
solvent is facilitated in regions with a high local zeolite L concentration (Fig. 5, process (c)). 
Because of the increasing viscosity in the surrounding medium, the particles in the aggregates 
are losing mobility, thus leading to a growth of the aggregates and therefore to a further 
promotion of the local solvent evaporation (Fig. 5, process (a)). The long-range negative 
feedback in this system (Fig. 5, process (b)) comes from the evaporation of the solvent over 
the whole surface of the wet film. The less solvent available in the system, the less mobile and 
penetrable the PMMA phase becomes. With a less penetrable PMMA phase, the further 
growth of the aggregates is inhibited. The growth of the aggregates is also inhibited by the 
fact that the larger the aggregates become, the less zeolite L particles are available for further 
growth. 
2.2 Further Investigations  
Further experiments were conducted to support the proposed mechanism of pattern formation 
in the CHCl3/zeolite/PMMA thin film system. On the one hand this was done by showing that 
the polymer itself does not form any patterns in the absence of zeolite L, on the other hand by 
 
Fig. 6 Top: Thin film of PMMA (left) and polycarbonate (45000 g/mol) (right) cast and evaporated according to 
the method of Bormashenko et al.
[16]
 Bottom: Thin film of PMMA cast according to our method. The images 
were taken with a CCD camera at a 100 fold magnification. 
proving that the chemical nature of the zeolite itself plays only a minor role, as explained 
earlier.  
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Bormashenko et al. found patterns in thin films of different polymers that were created by 
solvent evaporation in an airstream.
[16]
 They cast the polymer wet films on polypropylene or 
quartz plates using a brush. Reproduction of these patterns and comparison to our method 
showed that in the latter the polymer itself does not form any patterns (Fig. 6). This indicates 
that the patterns indeed arise due to the presence of the zeolites in the wet polymer film, 
supporting the theory of local activation. 
To investigate the influence of the chemical nature of the embedded particles on the pattern 
formation, we changed the polarity of the external zeolite surface. The external surface of the 
zeolite was functionalized with octyl moieties applying a well known method of coupling 
alkyltrialkoxysilanes to the surface silanol groups
[17-19]
. Fluorescence microscopy of thin 
films, featuring the octyl-modified zeolites, and mixtures of modified and unmodified zeolites 
revealed that the patterns are insensitive to the chemical nature of the zeolite surface (Fig. 7). 
This promotes the fact that the pattern formation is indeed driven by the physical process of 
the evaporating solvent. 
 
Fig. 7 Top: Fluorescence microscope images of patterns of octyl-modified zeolite L formed with different wet 
film thicknesses (A  = 100 μm,  B = 200 μm). Bottom: Pattern of mixed hydrophilic and hydrophobic zeolites in 
a PMMA thin film. The unmodified hydrophilic zeolites are labeled with pyronine (green), the octyl-modified 
hydrophobic zeolites are labeled with oxonine (red). 
We further investigated the influence of the particle size on the formation of the patterns. In 
addition to the already applied zeolite L, patterns with nano-sized zeolite L, ASNCs and 
SBAs were prepared and analyzed. 
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Silicate Zeolite L Zeolite L (nano) ASNCs SBAs 
Approximate size 1 - 1.5 µm 30 - 60 nm 2 μm × 5 µm 5 - 10 µm 
Morphology hexagonal hexagonal hexagonal spherical 
Tab. 1 Approximate particle sizes and morphologies of different silicates used for pattern formation. 
 
Fig. 8 Fluorescence microscopy images of patterns of different silicate particles formed under the same 
conditions (wet film thickness of 150 µm and initial PMMA concentration of 6.8 wt%). A: nano-sized zeolite L 
labeled with pyronine. B: zeolite L labeled with oxonine. C: ASNCs labeled with FITC. D: SBAs labeled with 
FITC. 
Fluorescence microscopy reveals that the size of the particles considerably influences the 
pattern formation (Fig. 8). The patterns of the regular zeolite and the nano-sized zeolite are 
quite similar. This is probably due to the formation of micrometer sized aggregates that are 
known to occur in the applied nano-zeolites. However the pattern changes significantly when 
going to larger particles. For the large SBAs the pattern formation even ceases to occur. The 
reason for this is the simple fact that the increase of the particle size decreases the mobility of 
the particles in the drying wet film. 
All results described above support the theory of local self-activation and lateral inhibition. 
 
2.2.1 Experimental 
Preparation of the zeolite-free polymer thin films 
Method of Bormashenko
[16]
: Polycarbonate (Acros, 45000 g/mol) or PMMA (Sigma-Aldrich, 
120000 g/mol) was dissolved in CHCl3. The concentration of the solution was 6.8 wt%. Clean 
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glass substrates (cleaned with water and ethanol) were coated with the solutions. The 
solutions were spread on horizontal glass substrates with a brush and dried in an airstream 
under ambient conditions. 
 
Our method
[6]
: PMMA was dissolved in CHCl3. The concentration of the solution was 
6.8 wt%. Microscopy glass slides (washed with ethanol and distilled water) were coated with 
the PMMA solution by doctor blading resulting in a specific initial thickness of the wet 
PMMA film of 100 µm. Evaporation of the solvent took place in less than 15 s at room 
temperature. No airstream was applied. 
Preparation of dye-loaded  zeolite L
[20]
 
70 mg of zeolite L (Lucidot DISC, Clariant) was suspended in an aqueous solution of oxonine 
chloride or pyronine chloride (4.5 ml, 0.13 mM) and refluxed for 16 h. The crystals were 
recovered by centrifugation, washed with methanol to remove dye molecules adsorbed on the 
external zeolite surface, and oven-dried at 60 °C. 
Labeling of ASNCs and SBAs 
SBAs/ASNCs (100 mg) was suspended in ethanol (15 ml), APTES (2.3 µl, 10 µmol, Acros, 
99 %) was added and the suspension was stirred under reflux for 3 h. The resulting modified 
silica was recovered by filtration and washed thoroughly with ethanol. The modified silica 
was then labeled with FITC according to the general procedure described in PART I 
Chapter 3.2. 
Preparation of the PMMA/zeolite and PMMA/silica thin films 
Dye-loaded zeolite L (5 mg) was dispersed in CHCl3 (0.5 ml) by ultrasonic treatment for 
30 min. This suspension was then mixed with a solution of PMMA (Mav = 120000 g/mol, 
Aldrich) in CHCl3 (0.5 ml). The thin films were then prepared the same way as the zeolite-
free polymer thin films according to Bauer et al.
[6]
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